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Abstract—The new concept of semi-integrated-sensing-and-
communication (Semi-ISaC) is proposed for next-generation
cellular networks. Compared to the state-of-the-art, where the
total bandwidth is used for integrated sensing and commu-
nication (ISaC), the proposed Semi-ISaC framework provides
more freedom as it allows that a portion of the bandwidth
is exclusively used for either wireless communication or radar
detection, while the rest is for ISaC transmission. To enhance
the bandwidth efficiency (BE), we investigate the evolution of
Semi-ISaC networks from orthogonal multiple access (OMA)
to non-orthogonal multiple access (NOMA). First, we evaluate
the performance of an OMA-based Semi-ISaC network. As
for the communication signals, we investigate both the outage
probability (OP) and the ergodic rate. As for the radar echoes,
we characterize the ergodic radar estimation information rate
(REIR). Then, we investigate the performance of a NOMA-based
Semi-ISaC network, including the OP and the ergodic rate for
communication signals and the ergodic REIR for radar echoes.
The diversity gains of OP and the high signal-to-noise ratio (SNR)
slopes of the ergodic REIR are also evaluated as insights. The
analytical results indicate that: 1) Under a two-user NOMA-based
Semi-ISaC scenario, the diversity order of the near-user is equal
to the coefficient of the Nakagami-m fading channels (m), while
that of the far-user is zero; and 2) The high-SNR slope for the
ergodic REIR is based on the ratio of the radar signal’s duty
cycle to the pulse duration. Our simulation results show that:
1) Semi-ISaC has better channel capacity than the conventional
ISaC; and 2) The NOMA-based Semi-ISaC has better channel
capacity than the OMA-based Semi-ISaC.

Index Terms—Semi-integrated-sensing-and-communication,
non-orthogonal multiple access, orthogonal multiple access,
outage probability, ergodic radar estimation information rate

I. INTRODUCTION

Given the incessant escalation of wireless tele-traffic, the
impending spectrum-crunch can only be circumvented by the
migration to millimeter-wave (mm-wave) carriers. However, s-
ince radar sensing technologies also rely on mm-wave carriers,
the bandwidth of sensing and wireless communication might
become overlapped [2–4]. Indeed, it is possible to economize
by sophisticated bandwidth-sharing in next-generation wireless
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communications (6G) with the aid of integrated sensing and
communication (ISaC) [5].

In practical scenarios, it is difficult to exploit the total
spectrum for ISaC as the bandwidth has already been occupied
by different applications, as exemplified by the L-band (1-2
GHz) for long-range air traffic control and long-range surveil-
lance; the S-band (2-4 GHz) for terminal air traffic control,
moderate-range surveillance, and long-range weather observa-
tion; the C-band (4-8 GHz) for long-range tracking, weapon
location, and weather observation; and the mm-waves for
high-resolution mapping, satellite altimetry, vehicular radars,
and police radars [6]. Hence, the most practical scenario is
that a given portion of the bandwidth is exploited for ISaC
in support of its specific applications, while the remaining
bandwidth is exploited only for bandwidth-thirsty wireless
communications or radar detection. Explicitly, compared to
conventional ISaC scenarios, a semi-integrated-sensing-and-
communication (Semi-ISaC) solution is more promising for
next-generation applications.

As for Semi-ISaC, the communication and sensing signals
are superimposed since the communication and the radar
systems share the same resource blocks. Sensing needs con-
tinuous waves that spans a large range of bandwidth. Hence,
due to the shortage of spectral resources, we need multiple
access schemes, such as non-orthogonal multiple access (NO-
MA). We are also able to exploit NOMA to improve the
bandwidth efficiency (BE) compared to orthogonal multiple
access (OMA). Additionally, since the propagation properties
of sensing and wireless communication are different (even for
the same user), we always have a gap between the power
levels of the sensing and communication functions at the
receiver side. As for the case associated with significant power
differences, the power domain NOMA can perform well in
terms of supporting multiple users or functions. Moreover, the
successive interference cancellation (SIC) scheme has been
exploited in uplink ISaC networks to mitigate the interference
of the overlapped signals [7, 8]. By harnessing SIC, the BE
of ISaC systems significantly increases compared to the cases
associated with full radar echo interference in the overlapped
period [8]. Furthermore, NOMA provides a new degree of
freedom for the Semi-ISaC networks to obtain high flexibility
for further designs. To sum up, the power domain NOMA is
an eminently suitable solution for multiple access in the Semi-
ISaC networks.
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A. Related Works

Based on the advantages of NOMA in Semi-ISaC net-
works, the NOMA-based Semi-ISaC networks have attracted
increasing attention both in academia and in industry. The past
decades have witnessed the development of NOMA [7] and
more recently of ISaC [8, 9], but there is a paucity of literature
on their amalgam.

1) Related literature of NOMA: Several decades have
passed since the concept of NOMA was first proposed. But
in the recent five years, power domain NOMA combined with
SIC and power allocation methods has gained popularity [10–
12]. Realistic imperfect SIC was investigated in [13], while
different power allocation algorithms have been proposed
in [14]. As a future advance, the optimal power allocation
maximizing the achievable sum rate was determined in [15],
while user scheduling relying on a low-complexity suboptimal
approach was conceived in [16]. Specifically, the authors of
[14–16] considered NOMA systems using mm-wave carriers
which are eminently suitable for ISaC networks. Thus, the
investigation of NOMA-based ISaC networks is promising.

2) Related literature of ISaC: The fundamental design-
s of ISaC networks are investigated in [17–20], including
spectrum sharing methods [17, 18], waveform designs [19],
and resource allocation algorithms [20]. The hottest topic in
ISaC networks is the investigation of multiple-input-multiple-
output (MIMO) ISaC networks, including their MIMO-aided
transceiver designs [21–25], interference exploitation or inter-
ference removal [26–28], and the subject of multi-user MIMO
ISaC networks [29]. But again, the performance analysis of
NOMA-based ISaC is still in its infancy. Since the MIMO and
NOMA techniques use different domains for multiple access,
their comparison, combination, and cooperation under the
concept of MIMO ISaC networks is warranted. Additionally,
several authors investigated the average performance of ISaC
systems relying on the SIC scheme [30, 31], demonstrating the
feasibility of NOMA in Semi-ISaC networks. Hence, there is
ample inspiration to pave the way for the evolution of Semi-
ISaC networks from OMA to NOMA.

B. Motivation and Contributions

Again, to consider a practical scenario having high BE, we
advocate Semi-ISaC networks, where the bandwidth is split in-
to three portions, namely the communication-only bandwidth,
the radar-echo-only bandwidth, and the ISaC bandwidth. Since
the NOMA and ISaC concepts match each other harmoniously,
we commence by investigating OMA-based Semi-ISaC net-
works first and then evolve it to a NOMA-based scenario.
Our main contributions are summarized as follows:

• We propose the novel philosophy of Semi-ISaC networks,
where the total bandwidth is split into three portions:
the communication-only bandwidth, the radar-echo-only
bandwidth, and the ISaC bandwidth. We define both the
OMA-based and the NOMA-based Semi-ISaC scenarios.
We define three parameters (αsemi, βsemi, and εsemi)
for controlling the bandwidth exploitation of different
scenarios.

• We evaluate the performance of the OMA-based Semi-
ISaC network. As for communication signals,we derive
the closed-form expressions of the outage probability
(OP) and the ergodic rate. As for radar echoes, we
characterize the ergodic Radar Estimation Information
Rate (REIR).

• We also investigate the performance of the NOMA-based
Semi-ISaC networks. To obtain tractable derivations and
clear insights, we consider a two-user case, including
a communication transmitter and a radar target. We
first derive the closed-form expressions of the OP for
the communication signals (for both the communication
transmitter and the radar target). We then derive the
ergodic rate of the communication signals. We also derive
the closed-form analytical expressions of the ergodic
REIR for the radar echoes.

• We evaluate the asymptotic performance of the NOMA-
based Semi-ISaC network. Based on the asymptotic ex-
pressions, we glean some further insights. We first derive
the asymptotic expressions of both the OP and of the
ergodic REIR. We then derive both the diversity orders
of communication signals and the high signal-to-noise
ratio (SNR) slopes for characterizing the radar echoes.
As for the diversity orders, analytical results indicate
that the near-user’s diversity order is m, which is the
parameter of Nakagami-m fading channels, while the far-
user’s diversity gain is zero. As for the high-SNR slopes
of the ergodic REIR, we observe that the high-SNR slopes
are related both to the radar’s duty cycle and to the pulse
duration during its transmission from the base station
(BS) to the radar target.

• Our numerical results illustrate the following conclusions:
1) For the communication signals, increasing the line-
of-sight (LoS) component’s transmit power enhances the
outage performance; 2) For the radar echoes, dense pulses
emerging from the BS enhance the performance of radar
detection; and 3) The high-SNR slopes of the radar
echoes are also related to the radar’s duty cycle and pulse
duration, separately.

C. Organizations

The paper is organized as follows. In Section II, we intro-
duce the OMA/NOMA-based Semi-ISaC concepts. In Section
III, we investigate the performance of OMA-based Semi-ISaC
networks. In Section IV, we evaluate the analytical perfor-
mance of NOMA-based Semi-ISaC networks, including the
analytical outage performance, the ergodic rates of communi-
cation signals, as well as the ergodic REIR of the radar echoes.
In Section V, we evaluate the system’s asymptotic performance
and provide insights concerning the NOMA-assisted Semi-
ISaC networks, including their asymptotic outage performance
for the communication signals having diversity gains and the
asymptotic ergodic REIR of the radar echoes by relying on
the high-SNR slopes. We then present our numerical results
in Section VI, followed by our conclusions in Section VII.
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Fig. 1: Illustration of the NOMA-based Semi-ISaC system: (a) Channels in conventional radar detection systems; (b) Channels in
conventional UL NOMA systems; (c) Channels in the NOMA-based Semi-ISaC systems; (d) Notations; and (e) The bandwidth
utilization for the NOMA-based Semi-ISaC systems and the OMA-based Semi-ISaC systems;

II. SYSTEM MODEL

We focus our attention on an uplink (UL) Semi-ISaC
system, which includes a BS, a communication transmitter,
and a radar target1. The BS is equipped with an active, mono-
static, pulsed radar that exploits the intervals of pulses to detect
the radar targets. A single-input-single-output (SISO) model is
considered. We assume that the radar target also has commu-
nication functions, as exemplified by cars or unmanned aerial
vehicles. To design the Semi-ISaC system, the total bandwidth
B is split into three portions, including the bandwidth for
wireless communication (denoted as BW ), the bandwidth for
ISaC (denoted as BI ), and the bandwidth for radar detection
(denoted as BR). We define three coefficients (αsemi, βsemi,
and εsemi) for controlling the bandwidth of different scenarios
as:

B = αsemiB︸ ︷︷ ︸
BR

+βsemiB︸ ︷︷ ︸
BI

+ εsemiB︸ ︷︷ ︸
BW

. (1)

where αsemi ∈ [0, 1], βsemi ∈ [0, 1], εsemi ∈ [0, 1], and
αsemi + βsemi + εsemi = 1.

Before introducing the Semi-ISaC channel model, we high-
light our assumptions as follows:
• 1) There is only one radar target located in the serving

area of the BS. Other radar targets are served by the BSs
of other cells, and hence are ignored in our analysis.

• 2) Based on prior observations, the BS is capable of
accurately predicting and estimating the time delay of
radar echoes to avoid synchronization errors.

• 3) The range resolution of the radar system is sufficiently
accurate for avoiding the interference between two radar
targets2.

1In this paper, we assume that the radar target passively reflects the pulses
sent by the BS to indicate the parameters of the radar target, such as range,
cross-section, etc. For further information, the radar targets will use the
communication function to send signals to the BS in the uplink channels.

2This assumption is only used for the case when there are more than two
radar targets in the serving area of the BS. If there is only a single radar target
in the serving area, we do not need this assumption.

• 4) The range fluctuation is interpreted as a time-delay
fluctuation modeled by the Gaussian distribution [30].

• 5) The cross-section of the radar target is represented
by a constant parameter, denoted as σRCS . The Doppler
shift estimation is perfect for the radar target in order to
predict and correct the waveforms.

A. Frequency-division (FD) ISaC, OMA-based Semi-ISaC,
and NOMA-based Semi-ISaC

This subsection presents the fundamental concepts and
definitions of the conventional (FD) ISaC, OMA-based Semi-
ISaC, and NOMA-based Semi-ISaC.

1) FD ISaC: Our benchmark is the FD ISaC having the
coefficients of αsemi=0, βsemi=1, and εsemi=0. The total
bandwidth B is exploited for the ISaC scenario. The users are
assigned to orthogonal resource blocks.

2) OMA-based Semi-ISaC: The total bandwidth B is s-
plit into three portions with the constraints in Eq. (1) as
αsemi ∈ [0, 1], βsemi ∈ (0, 1], εsemi ∈ [0, 1], and αsemi +
βsemi + εsemi = 1 (which means βsemi 6= 0). In the ISaC
bandwidth, SIC is utilized for extracting the radar echo and
communication signals from the superimposed signals, while
SIC is not utilized to support detecting multiple users with
same function. In the following, we consider a two-user case,
namely the user A and B. As the radar-echo-only bandwidth
(BR) has no communication signal, OMA is used both in
the ISaC bandwidth (BI ) and in the communication-only
bandwidth (BW ). Hence, BI and BW are further divided
into two OMA sub-bands for the two users, respectively. As
shown in Fig. 1. (e), the total bandwidth is finally divided into
five parts, including the radar-echo-only bandwidth BR, the
ISaC bandwidth for user A (BI/2), the ISaC bandwidth for
user B (BI/2), the communication-only bandwidth for user
A (BW /2), and the communication-only bandwidth for user
B (BW /2).

3) NOMA-based Semi-ISaC: As indicated at the top of Fig.
1. (e), the total bandwidth is split into three portions (BW ,
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BI , and BR) subject to the same coefficient constraints as the
OMA-based Semi-ISaC. However, the wireless communica-
tion in the bandwidth BW and BI relies on NOMA instead of
OMA. As exemplified by a two-user case, the communication
signals of the two users share the same bandwidth instead
of being split into two OMA sub-bands. Additionally, the
NOMA-based Semi-ISaC system has to activate SIC in the
ISaC bandwidth twice to obtain the radar detection informa-
tion, while the OMA-based Semi-ISaC scenario only once.

Since the deployment of users directly influence the SIC-
based detection orders, we consider two specific deployment
scenarios: i) A near communication transmitter is paired
with a far radar target, termed as Scenario-I; and ii) A far
communication transmitter is paired with a near radar target,
referred to Scenario-II. In the following sections, we evaluate
the system performance based on these two scenarios.

B. Channel Model

1) Small-Scale Fading: The path loss model and small-
scale fading model are defined in this subsection for both the
radar and communication links. As the ISaC channels are host-
ed in the mm-wave band, we assume that Nakagami-m fading
is encountered both by the radar and communication channels
[31]. The probability density function (PDF) can be expressed
as f|hi|2 (x) = mm

Γ(m)x
m−1 exp (−mx), with m being the

Nakagami-m shape parameter and its mean value being one.
As seen in Fig. 1. (a)-(c), the subscript i = {(r, d) , (r, u) , r, c}
represents different small-scale channel gains, where |hr,d|2

and |hr,u|2 are those of the downlink (DL) transmission and
the UL echo of the radar target, |hc|2 is that of the transmitter’s
UL communication signal, and |hr|2 is that of the radar target’s
UL communication signal.

2) Large-Scale Fading: The path loss models of radar
echoes are different from that of communication signals. As-
sume that the distance between the BS and the communication
transmitter is dc and the distance between the BS and the radar
target is dr. For the communication channels, the path loss
model follows the conventional model of

Pc (dc) = Cc(dc)
−αc , (2)

where αc is the path loss exponent of communication links,

Cc =
(

c
4πfc

)2

is associated with the reference distance of
d0 = 1 m, the speed of light is c = 3 × 108 m/s, and the
carrier frequency is fc.

We use different coefficients but present the path loss
function of the radar echoes in the same form as in Eq. (2):

Pr (dr) = Cr(dr)
−αr , (3)

where αr is the path loss exponent of the radar echoes with
αr = 4 representing the free-space scenario [31]. The parame-
ter Cr = σRCSλ

2

(4π)3 is the reference-distance-based intercept, λ is
the wavelength of the carrier, and σRCS = 4πSr

St
is associated

with the target radar cross section, where Sr is the power
density that is intercepted by the target and St is the scattered
power density at the reference distance of d0 = 1 m [31].

C. SIC-based Detection Orders for NOMA

The SIC processes of the conventional NOMA system and
the NOMA-based Semi-ISaC system are different. For the
conventional NOMA system, the BS only receives signals at
two different power levels, when a two-user case is considered,
where the near-user receives more power and is detected first
compared to the far-user3. For the Semi-ISaC NOMA-based
system under a two-user case, the BS receives a superposition
of various signal components, including the communication
signal from the radar target, the communication signal from
the communication transmitter, and the radar echo reflected
by the radar target. As the BS is capable of estimating the
radar echo, we can subtract the estimated radar echo from
the superimposed signals to reduce its interference inflicted
upon other communication signals. Hence, the communication
signals detected from the two users have higher power levels
and thus higher priority than the radar echo. As a consequence,
it is better to fix the SIC-based detection order of the radar
echo to be the last. For the two communication signals, the
near-user’s signal is detected first and the far-user’s signal is
detected at the middle stage [30].

D. Signal Model

We aim to support the communication function, but to
also add the sensing function into the ISaC system. Since
communication signals convey more data than radar pulses
over a long period, the communication signals will have high-
priority SIC detection orders than the radar echoes. In this
case, we fix the radar echo as the last stage of the SIC
detection. If the radar echo has a higher power level than
those of the communication signals, they will inflict excessive
interference. Hence, we subtract a predicted radar echo from
the integrated signals to ensure the radar echo’s power level
is the lowest [30]. In our model, both OMA and NOMA
cases need SIC to split the communication signals and radar
pulses. Hence, for both OMA and NOMA cases, subtracting
the predicted radar echo may enhance the SIC success rate
and then enhance the performance.

We assume that the BS has known the pulse type that
was sent to the radar target and acquired prior observations
to evaluate the predicted range of the radar target’s position.
If the radar pulses are regularly sent to the radar target but
broadcasting as a fixed frequency, the BS is able to calculate
the predicted radar echo based on the prior observations. Nat-
urally, the uncertainty in the positioning directly corresponds
to time delay fluctuations in radar systems [30]. As stated in
the assumptions, the time delay fluctuation τ obeys a Gaussian
distribution with the variance of σ2

τ = E
[
|τ − τpre|2

]
, where

E [·] is the expectation. Based on [30], we derive the average
power level of the radar echo by considering the uncertainty
in the positioning decision as:

E
[
|x(t− τ)− x(t− τpre)|2

]
≈ γ2β2

semiB
2σ2
τ , (4)

3As fixed power allocation, the path loss has more dominant effects than
the small-scale fading, as we consider the average performance. Thus, we
consider the near-user to be the strong user [32].
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TABLE I: Notation of Parameters

Pc (dc) = Cc(dc)
−αc Pr (dr) = Cr(dr)

−αr

Cc =
(

c
4πfc

)2
Cr = σRCSλ

2

(4π)3

Ω=
m(PBSPr(dr)γ2β2

semiB
2σ2
τ+σ

2)
PjPc(dj)

Ξr,1 = 2TβsemiBγ
echo
r

a = 2
log2 M

b = 2 log2M
(
sin
(
π
M

))
Q (x) = 1√

2

∫∞
x exp

(
− y

2

2

)
dy Cmn = n!/(m!(n−m)!)

a1=
PBSGrCr(dr)

−αrγ2β2
semiB

2σ2
τ

GcCc(dc)
−αc a2= σ2

GcCc(dc)
−αc

a4 =
PBSGrCrγ

2β2
semiB

2σ2
τ

GcCc(dr)
−αc (dr)αr

a3=
(dr)

−αc

(dc)
−αc

b1 =
PBSGrCrγ

2β2
semiB

2σ2
τ

GcCc(dr)
αr−αc a5 = σ2

GcCc(dr)
−αc

b2 = σ2

GcCc(dr)
−αc b3 =

(dc)
−αc

(dr)
−αc

Λ1 =
m(a1+a2)

Pc
Λ3 =

m(b1 + b2)
Pr

Λ2 =
m(a4+a5)

Pr

(
γSICa3Pr

Pc
+ 1
)

Λ5 =
mγSIC(b1 + b2)

Pr

Λ4 = m
Pc

(a1 + a2)
(
γSIC
Pr

Pcb3 + 1
)

where we have γ2 = (2π)2/12 for a flat spectral shape. The
variance τ is the observation of the time delay for the radar
target and τpre is the predicted value of τ .

As we fix the SIC-based detection order of the radar echo
to be the last, a drawback has to be tolerated, namely that
when the radar echo has a high received power level, the ISaC
system may face eroded performance, since the radar echo is
regarded as interference for the communication signals in the
SIC step. To mitigate this, we exploit the predicted target range
to generate a predicted radar return and subtract it from the
superimposed signals [30]. We assume that the predicted radar
echo is accurate enough for the SIC process. By harnessing
this approach, the performance of the communication system is
improved. Hence, the received superimposed aggregate signal
v(t) is expressed as:

v (t) = hc
√
PcPc (dc)z (t)︸ ︷︷ ︸

sc

+hr
√
PrPc (dr)y (t)︸ ︷︷ ︸

sr

+ hr,dhr,u
√
PBSPr (dr) [x (t− τ)− x (t− τpre)]︸ ︷︷ ︸

er

+n (t) ,

(5)

where sc is the communication signal received from the
UL communication transmitter at the BS, sr represents the
communication signal received from the radar target at the
BS, and er is the radar echo reflected from the radar target
impinging at the BS. Additionally, Pc and Pr are the UL
transmit power of the communication transmitter and the radar
target, respectively. Moreover, PBS is the UL transmit power
of the BS used for radar detection. Finally, n (t) represents the
noise having a variance of σ2 = kBTtempβsemiB, where kB is
the Boltzmann constant and Ttemp is the absolute temperature.

Based on the assumptions and derivations above, the signal
models of the OMA-based Semi-ISaC and NOMA-based
Semi-ISaC are presented in the following part. Additionally,
we also summarize the notations of parameters in TABLE I.

1) Communication Signals for OMA-based Semi-ISaC: The
signal-to-interference-and-noise ratio (SINR) expression of the

communication transmitter and the radar target is expressed as:

γOMA
j =

PjPc (dj) |hj |2

PBSPr (dr) |gr|2 + σ2
, (6)

where j ∈ {c, r} represents for the communication transmitter
and the radar target, respectively. The channel fading param-
eter is denoted as

|gr|2 = |hr,d|2|hr,u|2γ2β2
semiB

2σ2
τ . (7)

2) Communication Signals for NOMA-based Semi-ISaC in
Scenario-I: For Scenario-I, the communication transmitter
is the near-user, whose signals is detected first. Given the
different power levels, the BS directly detects the UL signal
received from the communication transmitter by considering
both the communication signals and the radar echo of the radar
target as interference. Hence, the SINR of the communication
transmitter is formulated as:

γIc =

Transmitter’s Communication Signals︷ ︸︸ ︷
PcPc (dc) |hc|2

PrPc (dr) |hr|2︸ ︷︷ ︸
Radar Target’s
Communication Signals

+PBSPr (dr) |gr|2︸ ︷︷ ︸
Radar Echoes

+ σ2︸︷︷︸
Noise

. (8)

By subtracting the signal of the communication transmitter
from the composite signal by the SIC remodulated process,
the SINR of the communication signals for the radar target
becomes

γIr =

Radar Target’s Communication Signals︷ ︸︸ ︷
PrPc (dr) |hr|2

ςcPcPc (dc) |hc|2︸ ︷︷ ︸
SIC of Transmitter’s
Communication Signals

+PBSPr (dr) |gr|2︸ ︷︷ ︸
Radar Echoes

+ σ2︸︷︷︸
Noise

, (9)

where 0 < ςc < 1 represents the imperfect SIC while ςc = 0
corresponds to the perfect SIC.

3) Communication Signals for NOMA-based Semi-ISaC in
Scenario-II: For Scenario-II, the near-user is the radar target.
Thus, the BS firstly detects the communication signals of the
radar target, yielding an SINR of

γIIr =

Radar Targets’s Communication Signals︷ ︸︸ ︷
PrPc (dr) |hr|2

PcPc (dc) |hc|2︸ ︷︷ ︸
Transmitter’s
Communication Signals

+PBSPr (dr) |gr|2︸ ︷︷ ︸
Radar Echoes

+ σ2︸︷︷︸
Noise

. (10)

Following the (perfect/imperfect) SIC process, the SINR
of communication signals for the communication transmitter
becomes

γIIc =

Transmitter’s Communication Signals︷ ︸︸ ︷
PcPc (dc) |hc|2

ςrPrPc (dr) |hr|2︸ ︷︷ ︸
SIC of Radar Targets’s
Communication Signals

+PBSPr (dr) |gr|2︸ ︷︷ ︸
Radar Echoes

+ σ2︸︷︷︸
Noise

, (11)

where 0 < ςr < 1 represents the imperfect SIC while ςr = 0
corresponds to the perfect SIC.
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4) Radar Echoes for OMA and NOMA: Since we aim to
ensure the priority of communication signals, the radar echo
is simply left behind after the last SIC stage. With the aid of
SIC, the SNR is expressed as:

γechor =

Radar Echoes︷ ︸︸ ︷
PBSPr (dr) |gr|2

ςcPcPc (dc) |hc|2 + ςrPrPc (dr) |hr|2︸ ︷︷ ︸
SIC of Communication Signals

+σ2
. (12)

For the equation above, both the NOMA and OMA cases asso-
ciated with perfect SIC have ςc = 0 and ςr = 0. The NOMA
case with imperfect SIC has 0 < ςc < 1 and 0 < ςr < 1.
The OMA case with imperfect SIC has two combinations: 1)
0 < ςc < 1 and ςr = 0 for the communication transmitter’s
subchannel and 2) ςc = 0 and 0 < ςr < 1 for the radar target’s
subchannel.

In Sections III to V, we will consider the ergodic REIR
as the metric for characterizing the performance of the radar
detection system. This metric is directly related to γechor

derived above.
5) Perfect or Imperfect SIC: This paper aims to first

propose the Semi-ISaC network, hence we exploit perfect
SIC schemes to investigate the performance of upper bounds
(ςc = 0 and ςr = 0). Based on the derivations in Sections III
to V, we could have some insights to indicate the properties of
the Semi-ISaC network. As for the imperfect SIC scenarios,
we will draw a figure in Section VI to compare the perfor-
mance between the upper bounds and practical scenarios. The
analytical derivation and investigation of imperfect SIC cases
can be extended by our model and will be left for our future
research due to the strict limitation of space.

III. PERFORMANCE EVALUATION FOR OMA-BASED
SEMI-ISAC

In this section, we evaluate the OMA-based Semi-ISaC
networks. Again, we adopt the OP and the ergodic rate as
the performance metrics for communication signals. Likewise,
the ergodic REIR is adopted as the performance metric for the
radar echoes.

A. Performance Evaluation for Communication Signals

In this subsection, we aim to investigate the performance
of communication signals. Before that, we first evaluate the
average interference strength.

Lemma 1. To simplify the expression of interference
(radar echoes), we introduce the shorthand of IR =
PBSPr (dr) |hr,d|2|hr,u|2γ2B2σ2

τ . The expectation of interfer-
ence is expressed as:

E [IR] (dr) = PBSPr (dr) γ
2β2
semiB

2σ2
τ . (13)

Sketch of Proof: Given the definition of expectation and the
distribution of Nakagami-m fading channels, the expression of

interference is presented 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, (14)

and with the aid of Eq. [2.3.3.1] in [33], this lemma is proved.
We have the detailed proof in Section I of [34].

In the OMA-based Semi-ISaC network, the OP of
the communication signals is defined as POMA

j =
Pr
{
γOMA
j < γOMA

th

}
, given the threshold γOMA

th . The
achieved rate is defined as ROMA

j = 1
2 log2

(
1 + γOMA

j

)
.

Theorem 1 provides the closed-form expressions of both the
OP and the ergodic rate for communication signals in the
OMA-based Semi-ISaC network.

Theorem 1. Upon introducing the subscript of j ∈ {c, r}
for representing the communication transmitter and the radar
target, the expression of the OP and that of the ergodic rate
are derived respectively as:

POMA
j =

γ
(
m,ΩγOMA

th

)
Γ (m)

, (15)

ROMA
j =

1

2 ln 2

m−1∑
k=0

exp (Ω)E1+k (Ω), (16)

where we have Ω=
m(PBSPr(dr)γ2β2

semiB
2σ2
τ+σ2)

PjPc(dj) , Γ(x) is the
Gamma function, γ(a, b) is the incomplete Gamma function,
and En (·) is the generalized exponential integral.

Sketch of Proof: We derive the OP by exploiting the
cumulative distribution function (CDF) of the Gamma dis-
tribution, denoted as F|hj |2 (x) = γ(m,mx)

Γ(m) . We addi-
tionally derive the ergodic rate by exploiting γ (m, t) =

(m− 1)! − exp (−t)
m−1∑
k=0

(m−1)!
k! tk, Γ (−k,Ω) = E1+k(Ω)

Ωk
,

and
∫∞

0
xa

1+x exp (−bx) = exp (b) Γ (a+ 1) Γ (−a, b), where
Γ(a, b) is the incomplete Gamma function. The detailed proof
is presented in Section II of [34].

B. Performance Evaluation for Radar Echoes

Again for radar echoes, the authors of [30] have proposed
the REIR metric to evaluate the performance of radar targets.
The REIR is analogous to the data information rate of the
communications system. This is the calculated estimation rate
of the parameters (range, cross-section, etc.). A higher REIR
means better performance for radar detection. We represents
a clear relationship between the REIR and the SNR γechor ,
presented as:

Rest 6
δ

2T
log2

(
1 + 2TβsemiBγ

echo
r

)
, (17)

where γechor =
PBSPr(dr)|hr,d|2|hr,u|2γ2β2

semiB
2σ2
τ

σ2 is the SNR
for the radar echoes of the radar target, T is the radar pulse
duration, and δ is the radar’s duty cycle. We then use the
ergodic REIR for quantifying the average radar estimation
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rate, which may be viewed as the dual counterpart of the data
information rate, presented as:

Rest 6 E
[
δ

2T
log2

(
1 + 2TβsemiBγ

echo
r

)]
. (18)

The following expression shows the relationship between
the REIR and radar estimation. We note that the time-delay
estimation is a basic range measurement, denoted as σ2

τ,est.
Our REIR metric is characterized by the Cramér-Rao lower
bound (CRLB) of the radar estimation (range measurement)
[35, 36], denoted as σ2

τ,est =
σ2
τ

2TβsemiBγechor
. First, we have

the definition of the REIR is Rest ≤
Hτrr−Hτest

Tbit
, where

Hτrr is the entropy of received signal, denoted as Hτrr =
1
2 log2

[
2πe

(
σ2
τ + σ2

τ,est

)]
, Hτest

is the entropy of errors,
denoted as Hτest

= 1
2 log2

[
2πeσ2

τ,est

]
, and Tbit = T/δ

represents the bits per pulse repetition interval. Hence, we
could derive the REIR by substituting the CRLB into the
definition equation. We also conclude that the REIR is strongly
influenced by the radar’s time-delay estimation.

1) Equivalent Radar Channels: The radar channel may be
considered as a pair of independent serially concatenated links,
constituted by the DL channel spanning from the BS to the
radar target and the UL channel reflected from the radar target
back to the BS. Thus, the equivalent small-scale channel gain
may be expressed by |hr,eq|2 = |hr,d|2|hr,u|2. We first derive
the distribution of |hr,eq|2 in Lemma 2 and the ergodic REIR
is then given in Theorem 2.

Lemma 2. If the UL and DL channels are Nakagami-m fading
channels, the PDF and CDF of the equivalent channel gain is
expressed as:

f|hr,eq|2 (z) =
2m2m

(Γ (m))
2 z

m−1K0

(
2m
√
z
)
, (19)

F|hr,eq|2 (z) =
G2

1
1
3

(
m2x

∣∣1
m,m,0

)
(Γ (m))

2 , (20)

where K0 (·) is the modified Bessel function of the third kind
and Gmp

n
q

(
·
∣∣∣(ap)

(bq)

)
is the Meijer G function.

Sketch of Proof: We derive the above PDF and CDF by
noticing Kv (x) = 1

2G
2
0
0
2

(
x2

4

∣∣∣·v
2

·
−v
2

)
, zpGmp

n
q

(
z
∣∣∣(ap)

(bq)

)
=

Gmp
n
q

(
z
∣∣∣(ap)+p

(bq)+p

)
,

∫ x
0
zm−1G2

0
0
2

(
m2z |·0·0

)
dz =

xmG2
1
1
3

(
m2y

∣∣1−m
0,0

·
−m
)
, and Eq.[2.3.6.7] in [33]. We

present the comprehensive proof in Section III of [34].

2) Ergodic REIR: Based on the equivalent channel distri-
bution, we will derive the ergodic REIR of the radar echoes
in Theorem 2. We will also exploit Corollary 1 to evaluate
the performance under the Rayleigh fading channels.

Theorem 2. For the analytical results of the radar echoes, the
expressions of the ergodic REIR are formulated as:

Rlowest =
δ

2T ln (2)

∫ ∞
0

1

z+1

1−
G2

1
1
3

(
m2dαrt

Ξr,1
z
∣∣1
m,m,0

)
(Γ (m))

2

dz,
(21)

where we have Ξr,1 = 2TβsemiBγ
echo
r .

Sketch of Proof: With the aid of Lemma 2, this theorem is
proved. The comprehensive proof is presented in Section IV of
[34].

Corollary 1. Assuming that the radar channel experiences
Raleigh fading, the ergodic rate in Eq. (21) is simplified as:

Rlowest =
δ

2T ln (2)
G3

1
1
3

(
dαrt Ξ−1

r,1

∣∣0
0,0,1

)
. (22)

Sketch of Proof: This corollary is proved by exploiting
Eq.[2.3.4.4] in [33] and the Meijer G function. Detailed
derivations are similar to those of Lemma 2. The compre-
hensive proof is jointly presented in Section IV of [34] with
Theorem 2.

Remark 1. The ergodic REIR insightfully characterizes the
performance of the radar detection. We still leave more open
space for other metrics to represent the performance of the
radar detection, such as bit error rate (BER). For example,
under M-PSK, we could express the BER expression as

εBER = aBERQ

(√
bBERγechor

)
, (23)

where aBER = 2
log2 M

, bBER = 2 log2M
(
sin
(
π
M

))
, and

Q (x) = 1√
2

∫∞
x

exp
(
−y

2

2

)
dy [37].

IV. ANALYTICAL PERFORMANCE EVALUATION FOR
NOMA-BASED SEMI-ISAC

In this section, we analyze the performance metrics for
NOMA-based Semi-ISaC networks. The analytical results in
this section will be useful in Section V to obtain deep insights.

A. Performance Analysis for Communication Signals in
Scenario-I

Recall that the communication transmitter is the near-user
and the radar target is the far-user in Scenario-I. The OP
expressions for the NOMA users in Scenario-I are given by

PIc = Pr
{
γIc < γth

}
, (24)

PIr = 1− Pr
{
γIc > γSIC , γ

I
r > γth

}
, (25)

where Pr {A,B} is the probability that both A and B are
true, γSIC is the threshold of the SIC process, and γth is
the threshold of communication signal transmission in the
NOMA-based Semi-ISaC scenario. If the OP is lower than
the threshold, the communication fails and vise versa.

In the following, the closed-form expressions of the OP
and the ergodic rate for a pair of NOMA users are given in
Theorem 3-4 and Corollary 2-3.

Theorem 3. In Scenario-I of the NOMA-based Semi-ISaC
scenario, the OP expression of the communication transmitter
is

PIc = 1− exp

(
−mγth

Pc
(a1 + a2)

)m−1∑
p=0

mrγp
th

(m− 1)!p!

×
p∑
r=0

CrpΓ (m+ p− r) (a1 + a2)
r
(Pra3)

p−r

P pc
(
γtha3Pr
Pc

+ 1
)m+p−r , (26)
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where we have a1 =
PBSGrCr(dr)−αrγ2β2

semiB
2σ2
τ

GcCc(dc)
−αc , a2 =

σ2

GcCc(dc)
−αc , a3 = (dr)−αc

(dc)
−αc , and Cmn = n!/(m!(n−m)!).

Sketch of Proof: See Appendix A.

Corollary 2. In Scenario-I, the ergodic rate of the communi-
cation transmitter in the NOMA-based Semi-ISAC scenario is
formulated as:

Rer,Ic =
1

ln 2

m−1∑
p=0

p∑
r=0

Crp
Λ
r−(1+p+k)
1 (Pra3)

p−r

(m− 1)!p!P p−rc

× Γ (m+ p− r)
∞∑
k=0

(
m+ p− r + k − 1

k

)

×
(
−a3Pr

Pc

)k
exp (Λ1) Γ (p+ k + 1)E1+p+k (Λ1) , (27)

where we have Λ1 = m(a1+a2)
Pc

.
Sketch of Proof: By substituting the equation in Theorem 3

into the definition of the ergodic rate, which is expressed as
Rer,Ic = 1

ln 2

∫∞
0

1−PIc(γth)
1+γth

dγth, the ergodic rate expression is
given by

Rer,Ic =
1

ln 2

m−1∑
p=0

mr

(m− 1)!p!

p∑
r=0

Crp
(a1 + a2)

r
(Pra3)

p−r

P pc

× Γ (m+ p− r)
∫ ∞

0

xp

1 + x

(
xa3Pr
Pc

+ 1

)−(m+p−r)

× exp

(
−mx
Pc

(a1 + a2)

)
dx. (28)

The corollary can be proved by noting (1 + x)
−n

=
∞∑
k=0

(
n+k−1

k

)
(−x)

k, Γ (a, b) =
a−1∑
p=0

(a−1)!
p! bp × exp (−b),

En (x) = xnΓ (1− n, x), and
∫∞

0
xa

1+x exp (−bx) =
exp (b) Γ (a+ 1) Γ (−a, b). We have the detailed proof in
Section V of [34].

Theorem 4. In Scenario-I of NOMA-based Semi-ISaC, the
OP of the radar target is given by

PIr = 1−
m−1∑
p=0

p∑
r=0

Crp
(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

))
, (29)

where we have a4 =
PBSGrCr(dr)−αrγ2β2

semiB
2σ2
τ

GcCc(dr)−αc
and a5 =

σ2

GcCc(dr)−αc
.

Sketch of Proof: See Appendix B.

Corollary 3. In Scenario-I, the ergodic rate expression for the

communication signal of the radar target is derived as:

Rer,Ir =
1

ln 2

m−1∑
p=0

p∑
r=0

Crp
(a1 + a2)

p−r
(a3Pr)

r

Γ (m)mrp!

(
mγSIC
Pc

)p

× exp (−Λ1γSIC)

(
γSICa3Pr

Pc
+ 1

)−(r+m) r+m−1∑
k=0

Λ2

k!

× (r +m− 1)! exp (Λ2) Γ (k + 1)E1+k (Λ2) , (30)

where we have Λ2 = m(a4+a5)
Pr

(
γSICa3Pr

Pc
+ 1
)

.
Sketch of Proof: The proof is similar to that of Theorem 1.

B. Performance Analysis for Communication Signals in
Scenario-II

This subsection evaluates both the OP and the ergodic
rate of NOMA-based Semi-ISaC in Scenario-II. Compared
to Scenario-I, the SIC detection orders are the opposite way
round. Thus, the OP expressions become

PIIr = Pr
{
γIIr < γth

}
, (31)

PIIc = 1− Pr
{
γIIr > γSIC , γ

II
c > γth

}
, (32)

and the expressions of the OP and those of the ergodic rate
are presented by Theorem 5-6 and Corollary 4-5.

Theorem 5. For NOMA-based Semi-ISaC in Scenario-II,
the OP for the communication signal of the radar target is
formulated as:

PIIr = 1−
m−1∑
p=0

p∑
r=0

CrpΓ (m+ r)

Γ (m)mrp!

(
mγth
Pr

)p
× exp

(
−mγth (b1 + b2)

Pr

)
× (b1 + b2)

p−r
(Pcb3)

r

(
γthPcb3

Pr
+ 1

)−(m+r)

, (33)

where we have b1 =
PBSGrCrγ

2β2
semiB

2σ2
τ

GcCc(dr)αr−αc
, b2 = σ2

GcCc(dr)−αc
,

and b3 = (dc)
−αc

(dr)−αc
.

Sketch of Proof: By the accurate series expansion for the
lower incomplete Gamma function and the binomial theorem,
the OP expression is formulated as:

PIIr = 1−
m−1∑
p=0

1

p!

(
mγth
Pr

)p
exp

(
−mγth (b1 + b2)

Pr

)

×
p∑
r=0

Crp(b1 + b2)
p−r

(Pcb3)
r

×
∫ ∞

0

xr exp

(
−mγthPcb3

Pr
x

)
f|hc|2 (x) dx︸ ︷︷ ︸

I2

. (34)

Furthermore, according to Eq. [2.3.3.1] in [33], we obtain
the final analytical result. Additionally, the detailed proof is
similar to that of Theorem 3.

Corollary 4. We define a parameter of Λ3 = m(b1 + b2)
Pr

.
When we consider the NOMA-based Semi-ISaC network in
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Scenario-II, the ergodic rate of the communication signal for
the radar target is derived as:

Rer,IIr =
1

ln 2

m−1∑
p=0

p∑
r=0

∞∑
k=0

(
m+ r + k − 1

k

)
×
CrpΓ (m+ r) Γ (p+ k + 1)

Γ (m)mrp!(b1 + b2)
r
Λk+1

3

× (Pcb3)
r

(
−Pcb3

Pr

)k
exp (Λ3)Ep+k+1 (Λ3) . (35)

Sketch of Proof: The proof is similar to that of Corollary 2.

Theorem 6. Recall that we consider the NOMA-based Semi-
ISaC network in Scenario-II. For the communication signal of
the communication transmitter, the OP expression is formulat-
ed as:

PIIc = 1−
m−1∑
p=0

1

p!

(
mγSIC
Pr

)p
exp

(
−mγSIC (b1 + b2)

Pr

)

×
p∑
r=0

Crp(b1 + b2)
p−r

(Pcb3)
r
I3, (36)

where I3 is given by

I3 =
1

Γ (m)mr

(
γSIC
Pr

Pcb3 + 1

)−(m+r)

× Γ

(
m+ r,

γthm

Pc
(a1 + a2)

(
γSIC
Pr

Pcb3 + 1

))
. (37)

Sketch of Proof: By exploiting the series expansion of
the incomplete Gamma function, the binomial theorem, and
some equation manipulations, the OP of the communication
transmitter in Scenario-II is

PIIc = 1−
m−1∑
p=0

1

p!

(
mγSIC
Pr

)p
exp

(
−mγSIC (b1 + b2)

Pr

)

×
p∑
r=0

Crp(b1 + b2)
p−r

(Pcb3)
r

×
∫ ∞
γth
Pc

(a1+a2)

xr exp

(
−mγSIC

Pr
Pcb3x

)
f|hc|2 (x) dx︸ ︷︷ ︸

I3

.

(38)

Then, we can derive the final OP expression by substituting
Eq. [2.3.6.6] from [33] into the expression as Eq. (38). The
detailed proof is similar to that of Theorem 4.

Corollary 5. For Scenario-II, the ergodic rate expression of
the communication signal for the communication transmitter
is formulated as:

Rer,IIc =
1

ln 2

m−1∑
p=0

p∑
r=0

Crp(Pcb3)
r
Λp5 exp (−Λ5)

p!Γ (m)mr(b1 + b2)
r

×
(
γSIC
Pr

Pcb3 + 1

)−(m+r) m+r−1∑
k=0

(m+ r − 1)!

k!Λ4

× exp (Λ4) Γ (k + 1)Ek+1 (Λ4) , (39)

where we have Λ4 = m
Pc

(a1 + a2)
(
γSIC
Pr

Pcb3 + 1
)

and Λ5 =
mγSIC(b1 + b2)

Pr
.

Sketch of Proof: The proof is similar to that of Corollary 2.

C. Analytical Performance Evaluation for Radar Echoes

As the radar echoes are simply left behind after the last
SIC process, the definition of ergodic REIR is the same as the
OMA-based Semi-ISaC scenario when the SIC processes are
successful. That is, under a perfect SIC case, the derivations of
the ergodic REIR in the NOMA-based Semi-ISaC scenario are
the same as those in the OMA-based Semi-ISaC scenario in
Theorem 1. Hence, we will not repeat the derivations here. To
gain further insights, the closed-form asymptotic expressions
of the ergodic REIR are derived and evaluated in the next
section.

V. ASYMPTOTIC PERFORMANCE EVALUATION FOR
NOMA-BASED SEMI-ISAC

In this section, we derive the asymptotic OP and the asymp-
totic ergodic REIR for further evaluating the performance
of the NOMA-based Semi-ISaC system in the high-SNR
region. We derive the diversity orders of the OP (for the
communication signals) and present our insights in Remark 2-
6. Additionally, we derive the high-SNR slopes of the ergodic
REIR (for the radar echoes) and summarize them in Remark
7-8.

A. Asymptotic Outage Performance and Diversity Gains for
Communication Signals

Recall that we consider two scenarios, namely Scenario-
I having a near communication transmitter and a far radar
target and Scenario-II associated with a far communication
transmitter and a near radar target.

1) Diversity Evaluation in Scenario-I: Based on Theorem
3 and Theorem 4, we evaluate the performance in the high-
SNR region. Explicitly, we exploit the asymptotic series of the
lower incomplete Gamma function and retain only a single
term as the following form of

γ (a, b) ≈
∞∑
n=0

(−1) ba+n

n! (a+ n)
≈ ba

a
. (40)

Then, we substitute Eq. (40) into the results of Theorem 3
and Theorem 4, and following some further manipulations, we
arrive at the asymptotic OP expressions, which are presented
in Corollary 6 and Corollary 7.

Corollary 6. For the communication signal of the communi-
cation transmitter in Scenario-I, the asymptotic OP expression
is

PIc,∞ =

(
mγth
Pc

)m m∑
r=0

Crm(a1 + a2)
m−r (Pra3)

r
Γ (m+ r)

Γ (m+ 1) Γ (m)mr
.

(41)
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Sketch of Proof: Upon Substituting Eq. (40) into the OP
expression of Theorem 3, we have

PIc,∞ =

(
mγth
Pc

)m m∑
r=0

Crm(a1 + a2)
m−r

× (Pra3)
r

Γ (m+ 1)

∫ ∞
0

xrf|hr|2 (x) dx. (42)

With the aid of the PDF of the Gamma distribu-
tion, we derive the integral as

∫∞
0
xrf|hr|2 (x) dx =

mm

Γ(m)

∫∞
0
xm+r−1 exp (−mx) dx = Γ(m+r)

Γ(m)mr . Then, after we
substitute the integral into the OP expression, this proof is
completed.

Remark 2. To evaluate the outage performance in the high-
SNR region, we express the diversity order of the communi-
cation transmitter in Scenario-I as:

DI
c = − lim

Pc→∞

log
(
PIc,∞

)
log (Pc)

= m, (43)

which is proved by lim
x→∞

log[(A/x)m]
log(x) = m for a constant A

independent of the variable x. In the high-SNR region, the
slope of the OP of the communication transmitter is m

Corollary 7. For the communication signal of the radar target
in Scenario-I, the asymptotic OP is formulated as:

PIr,∞ = F|hr|2

(
γth (a4 + a5)

Pr

)
+

(
mγSIC
Pc

)m
×

m∑
r=0

Crm

(a3Pr)
r
Γ
(
m+ r, mγth(a4+a5)

Pr

)
(a1 + a2)

r−m
Γ (m+ 1) Γ (m)mr

. (44)

Sketch of Proof: With the aid of Theorem 4, we can
formulate the OP expression as:

PIr,∞ = F|hr|2

(
γth (a4 + a5)

Pr

)
+

(
mγSIC
Pc

)m
×

m∑
r=0

Crm

(a3Pr)
r ∫∞

γth(a4+a5)

Pr

xrf|hr|2 (x) dx

(a1 + a2)
r−m

Γ (m+ 1)
, (45)

and based on the PDF of the Gamma distribution and
the integral mm

Γ(m)

∫∞
γth(a4+a5)

Pr

xm+r−1 × exp (−mx) dx =

1
Γ(m)mr Γ

(
m+ r, mγth(a4+a5)

Pr

)
, the final OP expression is

derived.

Remark 3. For the high-SNR region in Scenario-I, based on
the asymptotic expression of the radar target’s communication
signal, we derive the diversity order for the radar target as:

DI
r = − lim

Pc→∞

log
(
PIr,∞

)
log (Pc)

= 0, (46)

which is proved by lim
x→∞

log[(A/x)m+B]
log(x) = 0 with the constants

A and B that are independent of the variable x. The OP of the
radar target catches the lower limit in the high-SNR region of
Scenario-I.

2) Diversity Evaluation in Scenario-II: For Scenario-II of
the NOMA-based Semi-ISaC network, based on the results
of Theorem 5 and Theorem 6, we are able to exploit the
asymptotic series expansion of Eq. (40) for deriving the
asymptotic OP. Thus, the asymptotic OP of the communication
transmitter and radar target are given by Corollary 8 and
Corollary 9, respectively.

Corollary 8. In Scenario-II, the asymptotic OP expression of
the communication transmitter is

PIIc,∞ = F|hc|2

(
γth
Pc

(a1 + a2)

)
+
(
mγSIC
Pr

)m
×

m∑
r=0

Crm

(Pcb3)
r
Γ
(
m+ r, mγthPc

(a1 + a2)
)

(b1 + b2)
r−m

Γ (m+ 1) Γ (m)mr
. (47)

Sketch of Proof: The proof is similar to that of Corollary 7.

Remark 4. In Scenario-II, we evaluate the outage perfor-
mance in the high-SNR region by assuming that the transmit
power of the radar target is infinity. Based on the Corollary
8, the diversity order of the communication transmitter is
expressed as:

DII
c = − lim

Pr→∞

log
(
PIIc,∞

)
log (Pr)

= 0, (48)

indicating that the OP of the communication transmitter in
Scneario-II has a lower bound.

Corollary 9. In Scenario-II, the asymptotic OP expression of
the radar target is derived as:

PIIr,∞=

(
mγth
Pr

)m m∑
r=0

Crm(b1 + b2)
m−r (Pcb3)

r
Γ (m+ r)

Γ (m+ 1) Γ (m)mr
.

(49)

Sketch of Proof: The proof is similar to that of Corollary 6.

Remark 5. Under the same assumptions as in Remark 4, we
exploit the asymptotic expressions yielding the diversity order
of the communication signal of the radar target in Scenario-II
as:

DII
r = − lim

Pr→∞

log
(
PIIr,∞

)
log (Pr)

= m, (50)

showing that the communication signal is directly influenced
by the LoS component m.

Remark 6. For Nakagami-m fading channels, we conclude
that with a strong LoS component (large m), we have high
diversity orders, yielding a Neal-Gaussian performance remi-
niscent of an asymptotically infinite diversity order.

B. Asymptotic Ergodic REIR and High-SNR Slopes

We exploit the asymptotic expansions of the lower incom-
plete Gamma function and the generalized exponential integral
to derive the asymptotic ergodic REIR for the radar target,

expressed as 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)
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for n > 1, and E1 (z) ≈ −Cγ − ln (z) + z, where Cγ is the
Euler constant and ψ (n) is the Psi function. The asymptotic
expression of the ergodic REIR for radar target is given in
Corollary 10. We further evaluate the high-SNR slope in
Remark 7.

Corollary 10. Upon assuming that m is an integer denoted
as m ∈ Z, we derive the closed-form asymptotic expression
of the ergodic REIR as:

R∞est =
δmm

2T ln (2) Γ (m)
I4 +

m−1∑
k=1

δmm

2T ln (2) Γ (m)
I5, (51)

where I4 and I5 are formulated as:

I4=
dαrt Γ (m−1)

Ξr,1mm−2
−Γ (m)

mm

(
log

(
m2dαrt

Ξr,1

)
−ψ(0) (m)−Cγ

)
+

(
mdαrt
Ξr,1

)2
Γ (m− 2)

mm−2
− mdαrt

Ξr,1

Γ (m− 1)

mm−1

×
(

log

(
m2dαrt

Ξr,1

)
− ψ(0) (m− 1)− Cγ

)
, (52)

I5=

(
− d

αr
t

Ξr,1

)k
ψ (k + 1) Γ (m− k)

k!mm

+

m−1∑
q=0&q 6=k

Γ (m− q)
(
−md

αr
t

Ξr,1

)q
q! (q − k)mm−q −Γ (m− k)

mm−kk!

(
−md

αr
t

Ξr,1

)k
×
(

ln

(
m2dαrt

Ξr,1

)
− ψ(0) (m− k)

)
. (53)

Sketch of Proof: See Appendix C.

With the aid of the derived asymptotic expressions, we
then evaluate the high-SNR slope of the radar target. Con-
ditioned on PBS → ∞, the high-SNR slope is defined as
S = lim

PBS→∞

Rlowest,∞(PBS)

ln(PBS) .

Remark 7. Upon substituting the expression in Corollary
10 into the high-SNR slope definition, the high-SNR slope is
formulated as:

S = lim
PBS→∞

δmm

2T ln(2)Γ(m)I7

ln (PBS)
+ lim
PBS→∞

δmm

2T ln(2)Γ(m)I8

ln (PBS)

=
δ

2T ln (2)
, (54)

which is proved by exploiting equations

lim
PBS→∞

(
A

PBS

)k
−B ln

(
C

PBS

)
+D

ln(PBS) = B and lim
PBS→∞

(
A

PBS

)k
ln(PBS) −(

B
PBS

)k
ln
(

C
PBS

)
ln(PBS) + D

ln(PBS) = 0, where A, B, C, and D are
constants that are independent of the variable PBS .

Remark 8. The high-SNR slope is only influenced by the
radar’s duty cycle δ and the pulse duration T . Additionally,
the high-SNR slope is proportional to δ/T .

VI. NUMERICAL RESULTS

Our numerical analysis is presented in this section, where
the parameters are set as: the distance of the near-user is 800
meters and that of the far-user is 1300 meters, the bandwidth

is B = 10 MHz, the noise power is σ2 = kbβsemiBTtemp
with Ttemp = 724 K, the target rates of the wireless com-
munications are R̂OMA = R̂NOMA = 1 given the thresholds
γth = 2R̂NOMA − 1 for NOMA and γOMA

th = 2R̂OMA − 1
for OMA, the threshold for SIC is γSIC = 0.4, the carrier
frequency is fc = 109 Hz, the speed of light is c = 3 × 108

m/s, the radar target’s cross section is σRCS = 0.1, the pulse
duration is T = 1 µs, the path loss exponents are αr = 4.5 and
αc = 2.5, the radar’s duty cycle is δ = 0.01, and the Nagakami
coefficient is m = 3. We define the average received SINR as
E
[
Pj |hj |2 Cjd

−αj
j /σ2

]
(dB) where we exploit the subscript

of j ∈ {c, r} for representing the communication channels or
the radar detection channels. For the SIC settings, we consider
perfect SIC associated with the parameters ςc = 0 and ςr = 0.
We will investigate the realistic imperfect SIC cases on our
future research.

A. From OMA-based Semi-ISaC to NOMA-based Semi-ISaC

In Fig. 2(a), we validate the OP and the ergodic rate
(with the unit as bit per cell use, denoted as BPCU) ex-
pressions of the communication signals versus the received
power level (d = 800 meters) under the OMA-based Semi-
ISaC scenario (Pt = 20 dBm and PBS = [5, 30] dBm). It
can be seen that the analytical results are closely matched
by the simulation results and there is no lower or higher
limit of the metrics. This is because the interference arising
from the radar signals is fixed and it is not increased when
the OMA user’s transmit power is increased. In Fig. 2(b),
we investigate the performance interplay between the radar
detection and wireless communications for βsemi ∈ [0, 1]
when we set αsemi = 0 and εsemi = 1 − βsemi. We then
set the transmit power to 10 dBm for both the users and
the BS. By comparing the performance among conventional
(FD) ISaC, OMA-based Semi-ISaC, and NOMA-based Semi-
ISaC networks, we observe that Semi-ISaC has better channel
capacity than the conventional FD ISaC. The reason is that
for Semi-ISaC, the radar and communication signals share
the same resource blocks in ISaC bandwidth with the aid
of the SIC to obtain better BE than that of the conventional
FD ISaC. We also concluded that the NOMA-based Semi-
ISaC scenario has a higher capacity than the OMA-based
Semi-ISaC because the BE is further enhanced by the NOMA
technique to share the resources by multiple communication
users. Additionally, the ergodic REIR (for radar echoes) is
zero when we have βsemi = 0 because all the bandwidth
is used for wireless communication and no bandwidth is set
aside for radar detection. Thus we only have non-zero ergodic
rate with zero ergodic RIER. Upon considering βsemi = 1,
we have the highest ergodic REIR, while the ergodic rate
(for communication signals) cannot be reduced to zero. This
represents the ISaC scenario (not Semi-ISaC), where the total
bandwidth is utilized both for radar detection and for wireless
communication.
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Fig. 2: From OMA to NOMA: (a) The verification of the
OP and the ergodic rate for the OMA-based Semi-ISaC
system based on Theorem 1-2; (b) A comparison among the
conventional (FD) ISaC, OMA-based Semi-ISaC, and NOMA-
based Semi-ISaC and the interplay between the radar target
(ergodic REIR) and the communication transmitter (ergodic
rate) with various βsemi ∈ [0, 1].

B. Outage Probability for Communication Signals in NOMA-
based Semi-ISaC

We validate the analytical and asymptotic OP expressions
of NOMA users in Fig. 3(a) and Fig. 3(b) under PBS = 10
dBm. Explicitly, in Fig. 3(a), a close communication trans-
mitter (dc = {500, 800} meters) and a distant radar target
(dr = {800, 1000} meters) are considered as Scenario-I
(Pc = [5, 35] dBm and Pr = 20 dBm). By contrast, in
Fig. 3(b), our Scenario-II of a distant communication trans-
mitter (dc = {800, 1000} meters) and a close radar target
(dr = {500, 800} meters) is considered (Pr = [5, 35] dBm
and Pc = 20 dBm). We first observe that the simulation
results closely match the analytical results and the diversity
analysis matches the OP performance in the high-SNR region.
Additionally, a conclusion for both scenarios is that upon
increasing the near-user’s received SNR, the OP of both users
will be reduced while the far-user has an OP floor. The reason
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Fig. 3: Outage performance: (a) OP versus the received SNR
of the communication transmitter in Scenario-I; (b) OP versus
the received SNR of the radar target in Scenario-II. The
analytical results are based on Theorem 3-6, Corollary 2-
9, and Remark 2-6.

is that increasing the near-user’s signal strength can enhance
its received SNR directly. Additionally, the interference of the
near-user is not increased, hence resulting in the reduced OP.
By contrast, it beneficially improves the far-user’s error rate of
SIC by enhancing the near-user’s received SNR, which only
improves the OP of the distant user to a lower limit. But
once the SIC process becomes perfect, the lower OP limit
is reached.

C. Ergodic REIR for Radar Echoes in NOMA-based Semi-
ISaC

In Fig. 4(a), the ergodic REIR of NOMA users is quantified.
The analytical results fit the simulation results well and the
asymptotic results represent the upper bound of the simulation
results. Based on Remark 7, the high-SNR slope is influenced
by the ratio of the radar’s duty cycle to pulse duration (δ/T ).
In Fig. 4(b) under the settings of Fig. 2(b), we compare the
performance of NOMA-based Semi-ISaC networks both with
and without perfect SIC. The figure indicates that the perfect
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Fig. 4: The ergodic REIR: (a) The ergodic REIR versus the
received SNR of the BS with various distance dr = [800, 1300]
meters; (b) The comparison between NOMA-based Semi-ISaC
networks with perfect SIC and imperfect SIC.

SIC scenario represents the upper bounds compared to the
imperfect SIC scenarios. With the interference left from the
SIC process, both the ergodic rate of communication signals
and the ergodic REIR of radar sensing are lower than those
metrics with perfect SIC. This is because the SIC process
will have errors in practical scenarios, hence the signals might
become erroneously detected.

VII. CONCLUSIONS

We have proposed the Semi-ISAC concept, where the
total bandwidth is split as the radar-echo-only bandwidth,
the communication-only bandwidth, and the ISaC bandwidth.
We have evolved our novel Semi-ISaC concept from OMA
to NOMA. We have then characterized the novel ergodic
REIR metric for quantifying the average radar estimation
rate. We have derived the OP and the ergodic rate for the
communication signals and the ergodic REIR for the radar
echo in the OMA-based Semi-ISaC scenario. In the NOMA-
based Semi-ISaC scenario, we have derived the analytical
expressions of the OP and the ergodic rate for communication

signals. We have also derived the asymptotic OP along with
the diversity gains attained for communication signals and
the analytical expressions of the ergodic REIR for the radar
echo, followed by the asymptotic ergodic REIR along with
the high-SNR slopes. Our analysis has confirmed that: 1) The
channel capacity of the conventional ISaC is lower than that
of Semi-ISaC. 2) NOMA-based Semi-ISaC has better capacity
than OMA-based Semi-ISsC; 3) The diversity gain of the
communication signal is determined by the power of the line-
of-sight component m; and 4) We can strike a flexible trad-
off by balancing the radar and communication signals upon
jointly controlling the transmit power of the BS, the radar’s
duty cycle, and the pulse duration. We will consider how to
design the algorithms for predicting the radar echoes as our
future research. We will also extend the perfect SIC case to
the imperfect SIC scenario in our future research.

APPENDIX A: PROOF OF THEOREM 3

For deriving the closed-form OP expressions for the com-
munication transmitter, the probability expression should be
manipulated as follows:

PIc = Pr
{
γIc < γth

}
= Pr

{
|hc|2<

γthPr|hr|2(dr)
−αc

Pc(dc)
−αc +

γthE [IR] (dr) +γthσ
2

PcGcCc(dc)
−αc

}
.

(A.1)

Upon substituting the expectation of interference in Lemma
1 and rewriting the probability equation in form of integrals,
we present the OP expression by exploiting the PDF and CDF
of the Nakagami-m fading channels as shown at the top of the
next page, denoted as Eq. (A.2).

Since the CDF of the Nakagami-m fading channel (in power
domain) is a lower incomplete Gamma function, the accurate
series expansion of the incomplete Gamma function may be
exploited for reducing 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.3)

where Γ (a, b) is the upper incomplete Gamma function.
By substituting this equation into Eq. (A.2), we obtain the

further streamlined expressions of

PIc = 1− exp

(
−mγth

Pc
(a1 + a2)

)m−1∑
p=0

∫ ∞
0

f|hr|2 (x)

× (mγth)
p

p!
exp

(
−mγthPra3

Pc
x

)(
Pra3x

Pc
+
a1 + a2

Pc

)p
dx.

(A.4)

The former expression Eq. (A.4) is then formulated with



14

PIc =

∫ ∞
0

1

Γ (m)
γ

(
m,m

(
γthPrx(dr)

−αc

Pc(dc)
−αc +

γthE [IR] (dr) + γthσ
2

PcGcCc(dc)
−αc

))
f|hr|2 (x) dx. (A.2)

the aid of the Binomial theorem as:

PIc = 1− exp

(
−mγth

Pc
(a1 + a2)

)
×
m−1∑
p=0

(mγth)
p

p!

p∑
r=0

Crp
(a1 + a2)

r
(Pra3)

p−r

P pc

×
∫ ∞

0

exp

(
−mγtha3Pr

Pc
x

)
xp−rf|hr|2 (x) dx. (A.5)

We now exploit Eq. [2.3.3.1] of [33] to obtain Eq. (26).
Then, the proof is completed.

APPENDIX B: PROOF OF THEOREM 4
The OP for the radar target under the NOMA-based Semi-

ISaC scenario is expressed as the top of the next page, denoted
as Eq. (B.1).

Substituting the CDF of the Nakagami-m fading channels
into Eq. B.1, the resultant probability expression can be further
transformed to Eq. (B.2) at the top of the next page.

By exploiting an accurate series expansion of the lower
incomplete Gamma function, and then further manipulating
the equations, the OP expression is derived as:

PIr = 1−
m−1∑
p=0

1

p!

(
mγSIC
Pc

)p
exp

(
−mγSIC (a1 + a2)

Pc

)

×
p∑
r=0

Crp(a1 + a2)
p−r

(a3Pr)
r

×
∫ ∞
γth(a4+a5)

Pr

exp

(
−mγSICa3Prx

Pc

)
xrf|hr|2 (x) dx︸ ︷︷ ︸

I1

.

(B.3)

Then we can derive I1 based on Eq. [2.3.6.6] of [33],
yielding:

I1 =
1

Γ (m)mr

(
γSICa3Pr

Pc
+ 1

)−(r+m)

× Γ

(
r +m,

γthm (a4 + a5)

Pr

(
γSICa3Pr

Pc
+ 1

))
. (B.4)

Finally, upon substituting I1 from Eq. (B.4) into the OP
expression of Eq. (B.3), we can obtain the closed-form ex-
pression Eq. (29). This completes the proof.

APPENDIX C: PROOF OF COROLLARY 10
We first express the ergodic REIR with the aid of the

following integrals as:

Rest ≈
m−1∑
k=0

δ

2T ln (2)

∫ ∞
0

(
mdαrt
Ξr,1x

)k
×
∫ ∞

0

1

z + 1
exp

(
−md

αr
t

Ξr,1x
z

)
zk

k!
dzf|hr,u|2 (x) dx. (C.1)

With the aid of Eq. [2.3.6.9] of [33], we have

Rest ≈
m−1∑
k=0

δ

2T ln (2)

∫ ∞
0

(
mdαrt
Ξr,1x

)k
×Ψ

(
k + 1, k + 1,

mdαrt
Ξr,1x

)
f|hr,u|2 (x) dx, (C.2)

and based on Ψ (a, a, z) = z1−a exp (z)Ea (z), the expression
above is further formulated as Eq. (C.3) at the top of the next
page.

Since we have Ek+1
PBS→∞

(
mdαrt
Ξr,1x

)
≈(

−md
αr
t

Ξr,1x

)k
k!

(
ψ (k + 1)− ln

(
mdαrt
Ξr,1x

))
−

m−1∑
q=0&q 6=k

(
−md

αr
t

Ξr,1x

)q
q!(q−k)

for k > 0. The equation I4 is further formulated as:

I4 =

∫ ∞
0

xm−1 exp (−mx)E1

(
mdαrt
Ξr,1x

)
dx︸ ︷︷ ︸

I6

+
mdαrt
Ξr,1

∫ ∞
0

xm−2 exp (−mx)E1

(
mdαrt
Ξr,1x

)
dx︸ ︷︷ ︸

I7

. (C.4)

Based on the asymptotic expressions, respectively expressed

as 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, I6 and I7 are derived as:

I6 =
dαrt Γ (m− 1)

Ξr,1mm−2

− Γ (m)

mm

(
log

(
m2dαrt

Ξr,1

)
− ψ(0) (m)− Cγ

)
, (C.5)

I7 =

(
mdαrt
Ξr,1

)2
Γ (m− 2)

mm−2
− mdαrt

Ξr,1

Γ (m− 1)

mm−1

×
(

log

(
m2dαrt

Ξr,1

)
− ψ(0) (m− 1)− Cγ

)
. (C.6)

Then, we can derive I5 of Eq. (C.3) by substituting the
asymptotic expressions of Ek+1

PBS→∞

(
mdαrt
Ξr,1x

)
, Finally, we can

substitute I4 and I5 into (C.3) to obtain the final answer as
Eq. (51).
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