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Abstract

Integrated sensing and communication (ISAC) is emerging as a key enabler for spectrum-efficient and hardware-converged
wireless networks. However, classical radar systems within ISAC architectures face fundamental limitations under low signal power
and high-noise conditions. This paper proposes a novel framework that embeds quantum illumination radar into a base station
to simultaneously support full-duplex classical communication and quantum-enhanced target detection. The resulting integrated
quantum sensing and classical communication (IQSCC) system is optimized via a sum-rate maximization formulation subject
to radar sensing constraints. The non-convex joint optimization of transmit power and beamforming vectors is tackled using
the successive convex approximation technique. Furthermore, we derive performance bounds for classical and quantum radar
protocols under the statistical detection theory, highlighting the quantum advantage in low signal-to-interference-plus-noise ratio
regimes. Simulation results demonstrate that the proposed IQSCC system achieves a higher communication throughput than the

conventional ISAC baseline while satisfying the sensing requirement.

Index Terms
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I. INTRODUCTION

The rapid proliferation of wireless devices, coupled with the growing demand from spectrum-intensive applications such
as autonomous vehicles and the industrial Internet-of-things, necessitates communication systems capable of meeting rising
data requirements while also supporting accurate localization capabilities [1]], [2]. In this context, integrated sensing and
communication (ISAC) has emerged as a key technology of next-generation wireless networks. ISAC enables the joint use of
transmitted signals for both environmental sensing and data communication, resulting in a more efficient spectrum utilization,
reduced hardware redundancy, and the ability to support emerging services such as real-time radar imaging with high-throughput
data transmission [3]], [4]].

Earlier research on ISAC primarily focused on joint waveform and beamforming design guided by classical radar estimation
metrics. For example, dual-function radar communication systems have been developed to jointly optimize transmit beamform-
ing for both communication quality and radar sensing accuracy, embedding communication signals into the radar waveform
while minimizing target estimation error bounds [J5]. More recent ISAC studies extend this framework to in-band sensing with
full-duplex (FD) communication, where simultaneous transmission and reception are supported. These works propose joint
beamforming and power control schemes to either maximize the communication sum rate or minimize transmit power, subject
to both sensing and communication constraints, thereby improving spectral and energy efficiency [6].

Despite these advances, ISAC systems can experience significant degradation in sensing performance under low signal power

or high background noise conditions. To maintain acceptable sensing quality, power is often reallocated from communication



functionalities, thereby reducing overall throughput or degrading service quality [3]]. Moreover, even without thermal noise,
the sensing capabilities of classical radar systems are ultimately limited by quantum noise through the standard quantum limit,
which sets a bound on the estimation precision achievable by any classical measurement system at a given signal power [7].

To overcome the limitations of classical sensing in low signal power and high noise environments, quantum radar has emerged
as a promising paradigm that leverages quantum entanglement to enhance detection performance. The quantum illumination
(QI) protocol, introduced by Lloyd in 2008, utilizes entangled photon pairs, where one photon probes the target and the
other is retained as a reference, to improve detection probability under high background noise [8]. Building on this work, a
range of specialized receiver architectures have been proposed to approach the theoretical limits of QI, including feed-forward
sum-frequency generation, correlation-to-displacement, and other joint measurement schemes [9]-[11]. Recent experimental
demonstrations in the microwave regime have reported a measurable quantum advantage of around 0.8 dB over the optimal
classical strategy under identical conditions [[12]]. Theoretical analyses indicate that practical joint-measurement receivers may
achieve up to 3 dB gain, while the ultimate performance bound, achievable only with ideal collective measurements, approaches
6 dB [13]], [[14]]. Furthermore, recent studies have derived quantum-enhanced radar equations and analyzed detection-range trade-
offs, which highlighted how entanglement-obtained gains are affected by photon budget and thermal noise constraints in realistic
microwave-band scenarios [|15]], [[16].

The concept of ISAC has been extended into the quantum domain in several recent studies. In [17], entanglement is
leveraged for simultaneous data transmission and instantaneous target detection, although communication reliability is limited
due to encoding information into an extremely weak signal mode. A broader ISAC framework is explored in [18], which
employs entangled photon pairs for both quantum secure direct communication and remote phase sensing with Heisenberg-
limited precision. In [19], a field-deployed fiber network demonstrates the coexistence of continuous-variable quantum key
distribution and distributed vibration sensing, although quantum resources are used solely for secure key exchange. In [20], the
trade-off between communication rate and sensing accuracy is analyzed under a joint communication and sensing model with
unknown channel parameters. This framework is extended in [21]] to the lossy bosonic channel, a physically motivated model for
optical links, where joint reflectivity estimation and data transmission are shown to benefit from quantum measurements in the
low-photon regime. Furthermore, [22] introduces adversarial considerations by studying joint communication and eavesdropper
detection over the same bosonic channel.

However, to the best of our knowledge, no prior work has investigated the use of quantum radar for sensing in an ISAC system
while retaining classical communication functionalities. This paper presents a novel framework that integrates QI-based radar
sensing into a multi-antenna FD base station (BS), which enables concurrent classical data transmission and quantum-enhanced

target detection within a unified architecture. The main contributions of this work are as follows:

o We propose a novel integrated quantum sensing and classical communication (IQSCC) framework that embeds quan-
tum two-mode squeezed vacuum (TMSV) radar within an FD ISAC architecture, enabling simultaneous classical data
transmission and quantum-enhanced radar sensing.

« We formulate a sum-rate maximization problem that jointly optimizes the transmit power, beamforming vectors, and radar

waveform design under a radar signal-to-interference-plus-noise ratio (SINR) constraint. The problem is non-convex, and
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Fig. 1. Illustration of the considered ISAC system with a DL user, a UL user, and a monostatic radar target.

we address it using successive convex approximation (SCA) techniques.

o We derive closed-form expressions for the optimal receive beamformers and utilize an iterative algorithm to solve the
joint optimization problem.

o We derive the receiver operating characteristic (ROC) performance metrics for classical and quantum radar protocols under

Gaussian noise.

The remainder of the paper is organized as follows. Section [[I] introduces the ISAC signal model and formulates the joint
optimization problem. Section [ITI] succinctly reviews the detection theory for binary hypothesis testing and derives the ROC
parameters for the considered radar protocols. The proposed IQSCC architecture and corresponding simulation results are
presented in Section Finally, Section [V] concludes the paper and discusses directions for future research.

T and

Notation: Boldface lowercase and uppercase letters represent vectors and matrices, respectively. The superscripts (-)
() denote the transpose and Hermitian transpose, respectively. The £ norm of a vector is denoted by |-||, and |- | represents
the absolute value of a scalar. The trace of a matrix is written as Tr(-), and the expectation operator is denoted by E[-]. The
identity matrix of size N x N is written as Iy. X > 0 indicates that the matrix X is positive semi-definite (i.e., nonnegative

eigenvalues). Finally, C denotes the set of complex-valued numbers.

II. ISAC SYSTEM

This section discusses the considered model for the ISAC system in addition to the optimization problem formulation.

A. Model

The considered ISAC system consists of a single BS that simultaneously serves one downlink (DL) user and one uplink (UL)
user while performing target sensing, as shown in Fig. [T} The DL and UL users are equipped with a single antenna and maintain
a line-of-sight link with the BS. The BS is assumed to operate in FD mode for simultaneous transmission and reception with
N, receive and [V, transmit antennas. At the BS, the radar and communication functionalities are jointly performed by the
transmitted ISAC signal, expressed as

X = Vs + sq, (1)

(CNt><1

where v € is the beamforming vector for the DL user, s € C is the unit-power data symbol (i.e., E [|s|2} = 1), and

sg € CNex1 is a radar-specific probing signal. The radar signal, sy, has a covariance matrix defined by V, = E [Sosé{ ] €



CNex Nt which exploits additional spatial degrees of freedom to enhance sensing accuracy. The total transmit power of the
BS is upper-limited as follows

VI + Te(Ve) < P, 2)
The UL user transmits a signal d with an average power p, which must not exceed the specified power limit
E[|d*] =p < PI™. 3)

The received signal at the BS is given by

I
yy = hd + BoA(eo)X + Z BZ‘A(QZ‘)X + Hgix +w, @)

i=1
where h € CVr*! denotes the channel between the UL user and BS, f3; is the complex amplitude of the target reflection
that is located at angle y, 3; and 6, are the amplitudes and angles of the I environmental interferers, Hg; € CN~*Nt models
the channel’s residual self-interference (SI), and w is the channel’s additive white Gaussian noise (AWGN) with covariance
021y, . The matrix A(6) is defined as follows

A(0) = a,(0)af’ (0), (5)

where a,.(0) and a;(0) are the receive and transmit steering vectors, respectively, which are given by

—_

ar(a) _ [1, ejﬂ' sin(G)’ s ejﬂ"(N,-*l) sin(@)]T’ (6)

- 3

at(o) _ [1’ 6j7rsin(t9)’ s 6j7r(Nt71) sin(@)]T. (7
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For the DL user, the received signal can be expressed as follows
ya=g"vs +gso +w, ®)

where g € CNt*1 ig the channel vector between the DL user and the BS, while w is an AWGN element with variance Ufu.

The ISAC system performance depends on the SINRs of each functionality, which for the DL communication is

d gHch

_ _ 9
ghv,g+ o2’ ©

v

where V, = vvH € CV¢*Nt_ The covariance of the transmitted ISAC signal is defined as V; = V, + V,. Thus, the radar

SINR after applying a receive beamformer, u, is [6]

|BO|2uHA(90)VtA(90)Hu

s _ 10
7T WH(phh® + BV,BH + 021y Ju’ (19)
where B = Y°7_| 8;A(6;) + Hg. Similarly, the SINR of the UL user is given by
mZhhfm
7= . (11)

- mf(CV,CH + 521y )m’



where m is a receive beamformer and C = B + Sy A (6)).

B. Problem Formulation

The objective is to maximize the system’s overall sum rate while ensuring that the minimum required radar SINR is achieved.
This is done by jointly designing the UL user transmit power, p, the BS transmit beamformers, v and V;, and the BS receive

beamformers, u and m. The optimal receive beamformers, derived in Subsection [A] of the Appendix, are given by

u* = (phhf! + BV,BY + 521y )" ta, (), (12)

m* = (CV,C” + 621y ) 'h, (13)

which when plugged into the respective SINR expressions and simplifying result in
3* = |Bol*af! (60) Viae (0)al (60) T~ 'a,(0), (14)
74 = phf’®~'h, (15)

where ® = CV,C# + 021y and ¥ = phh? + BV;B + 621y € CN-*Nr [6]. Thus, the optimization problem can be

expressed as

v?l\ix;g}i]gzg() B [log, (1 +7") +log, (1 +~%)]

subject to  ||v]|? + Tr(V,) < P p < P™ (16)
¥ =’
where B is the system bandwidth and p® is the minimum required radar SINR to achieve a certain desired sensing perfor-
mance. The objective function and radar SINR constraint of (I€) are nonconcave and nonconvex, respectively. To handle the
nonconcavity, define an auxiliary optimization variable 0 < « < 4" and replace 4* in (I6) with it. For the second objective
function term, reexpress it as follows

g’V.g )

log, (1+ ’yd) = log, (1 + Vg 1 o2
s w

= log, (g Vig + o) a7

—log, (g Vig +02),

where both terms are concave with respect to Vs and V.. For a concave function, f(x), its first-order expansion around z

satisfies the following inequality

F(@) < fl@o) + [f (zo)] (x — o). (18)



Thus, using the SCA technique to linearize the second term gives

log, (g Vig + 02) < log, (gHVSU g+ Ufu)

g (V- VI ) g (19)

+ — )
(gHVS(J_ g + 0%) In(2)

where (j — 1) is the iteration’s index. Substituting this into (17) yields a concave lower bound for the DL sum-rate term

log, (1+7%) > log, (87 Vig + 02)

— log, (gH vilg + Ui) 0)

g’ (V.- Vi )g

(g7VI g+ 02 )

Next, to handle the nonconvexity of the radar SINR constraint, it is first rewritten as

S

p
|Bol?

a (00) ¥ 'a, (6y) > [al (60) Viay(60)] Q1)

where the fact that V; = 0 and a (6y)V;a;(6p) > 0 have been used. The left-hand side is convex with respect to ¥ as well
as p and Vi, since W is an affine function of them [23]]. Similarly, the right-hand side is convex with respect to V;. This
difference-of-convex form can be handled by linearizing the left-hand side using its first-order Taylor expansion. Using the
identity for the derivative of a quadratic form in a matrix inverse [24]], [25]], the expansion yields
all (60) %", (60) > a’ (6) (\W*l))_l a,(60)
—all(g) (w0) 22)

(q; _ \I,(j,l))(q,(j,l)) 2 (0).

Performing a similar expansion on the UL SINR constraint gives

Yo pf (.1,(‘7‘—1))_1 h
3 -1 1 (23)
—_hH (q,(jfl)) (q) _ q)(j*l)) (@(%U) h.

To convexify the fraction, an auxiliary real variable, , is introduced to break it into two constraints

2

z
p

<h# (0-1)"'h
—hf (®6-1) 7 (® - ®U-D)(®U-D) " h, (24)

u < x4,



Algorithm 1: Sum-Rate Maximization Algorithm

1 Initialize V{” = 0.5 Pmax a,(6,)al! (6y), V¥ = 0.5 Pmax ggH  p(0) = pmax_and

1/2
70 = [pOn et (VI 4+ V) h| " for j = 0;
2 while not converged do

3| JeJtL
4 | Solve and update V7, V7, p), and 20);
5 end

where the first constraint is convex since p > 0 [23]. The second constraint can be linearized by a first-order Taylor

approximation

u < (m(j_l))z 4220~ (m—x(j_l)) . (25)
Putting everything together, the overall convex optimization problem becomes

maximize — Blog (1 +u) + Blog, (gHVtg + Ji)
p>0,u>0,2>0,

{Vi, V.}i=0 — Blog, <gHVS(j—1)g + 0120)

g! (Vs —-vY ‘”) g (26)
(gHVs(j_”g + UZU) In(2)

subject to  Tr (V) < P"™, p < P™, (21)), (24),
which is solved using Algorithm [T where the optimization variables are initialized to satisfy basic domain feasibility, that is,

Vgo)»vgo) > 0 and p(©, 2 > 0.

III. RADAR SYSTEMS

This section introduces the fundamentals of binary hypothesis detection theory as applied in radar systems. It then discusses
the classical radar protocols commonly used as benchmarks for quantum radar implementations, followed by a performance

assessment of the considered quantum and classical radar protocols.

A. Detection Theory

In radar signal processing, the detection task is formulated as a binary hypothesis testing problem

Ho : Target Absent (n° = 0),
(27)

Hq : Target Present (0 < n° < 1),

where n° denotes the overall channel transmissivity, which encompasses both the propagation loss and the target reflection

coefficient, and is assumed to be known and fixed under ;. A suitable test statistic, typically representing the average output



of a detector over K measurements, is used to distinguish between the two hypotheses and is defined as

K N 2 der H
1 Ho,0p), un )
T=2> T~ (10,5) ’ (28)

k=1 N (p1,0%), under Hj.
This formulation, which assumes Gaussian-distributed test statistics, holds under the central limit theorem for a large number
of independent and identically distributed measurements. The mean and variance of the test statistic under each hypothesis are
given by
o =B [TH[#o] =0, (29)

u=E [fr[kl \Hl] , (30)

Var [T i
A K' J -, (31)

Var [T |H 2
U%:7ar[K| ) =T (32)

The two key performance metrics in radar detection are the probability of detection, Py, and the false alarm (FA) probability, P;.
Specifically, P; denotes the probability of correctly detecting a target when it is present, whereas Py refers to the probability of
incorrectly declaring a target when none is present. The ROC provides a comprehensive measure of radar system performance

by capturing the trade-off between P; and Py
Py (Pr) = Q (A1Q7" (Py) = As) (33)
where ()(-) is the complementary cumulative distribution function of the standard normal distribution and the auxiliary

parameters are introduced to ease the radar protocols analysis [26]

oy 00

K
Alz = ./42:'1/”.\/»:ﬂ

/ ? /! :
g1 g1 g1 g1

(34)

The derivation of is shown in Subsection [B] of the Appendix.

B. Protocols Modeling

Quantum radar aims to enhance target detection by using quantum entanglement as an additional resource, enabling the
identification of targets even in environments dominated by thermal noise. The prominent protocol in this field is QI, which
employs entangled photon pairs generated in a TMSV state. One photon, referred to as the signal, is transmitted toward
the target region, while its entangled partner, the idler, is stored locally and used in a joint measurement with the returned
signal [8]. A commonly studied special case of QI is the quantum two-mode squeezing (QTMS) protocol, which simplifies
implementation by measuring the signal and idler separately rather than a quantum joint measurement [27]. Each protocol
is benchmarked against a classical counterpart, as shown in Fig. 2] The quantum TMSV radar is compared to the quantum

formulation of continuous-wave (CW) radar, known as coherent-state radar, which uses a single-frequency sinusoidal signal



Classical Formulation Quantum Formulation

AVAVAVAVAVAVAVAVS — AVAVAVAVAVAVAVAV-
.
Continuous-Wave Radar Coherent State Radar ‘l g
; Vg
— P
e
4 =
O—' — by 2

QI / QTMS Radar
>

QTMS Benchmarking

Fig. 2. The benchmarking radars used to evaluate the performance of each quantum radar.

to probe the target [26]]. In contrast, QTMS is evaluated relative to the classical noise radar, which utilizes correlated random
noise waveforms that are spread across a wide bandwidth, making it resistant to interference and interception [27]. In this
work, we consider the quantum TMSYV protocol incorporating a correlation receiver, offering a theoretical 3 dB advantage in
the error probability exponent under conditions of low signal power and high background noise [26]]. Moreover, it demonstrates
resilience to environmental decoherence and presents the most promising path toward realizing a genuine quantum enhancement

in radar detection [|14]. In the following section, we derive the relevant parameters needed to evaluate @]) for each considered

radar protocol.

1) Classical Continuous-Wave (CW) Radar: The classical analog to the quantum TMSV radar is the CW radar. It transmits
a single unmodulated tone of constant frequency and amplitude over time. While it does not provide range information, it is
capable of detecting the presence and velocity of a moving target through the Doppler shift induced by relative motion [28]].

The received signal at time 7 is modeled as
57'(T) =V Wsst + ’LU(T), (35)
where s;(7) = x; cos(2m f7) is a deterministic tone of frequency f and amplitude x; directed at the target and w(7) is the
AWGN sample. The noise is decomposed into its quadrature components as
w(T) = wy(7) cos(2mf 1) + wy () sin(2w f7)
(36)
~N(0,02),

where w,,(7) and w,,(7) are independent zero-mean Gaussian processes with variance o2. By demodulating the received signal

and sampling the in-phase (cosine) component, the resulting signal at sampling instant 75k is
Sr,m(Tsk) = vfisfﬁt +wz(7_sk) NN(\/ 778 xtaa—?ﬂ) 5 (37)

where k is the sample index and 7, is the sampling interval. The mean signal power, in the absence of noise, is computed as

; L 2 2 n°w}
T}E)Ig)O ; /7—//2 E [ST(TNO’H} - O:I dT - 2 ’ (38)
which leads to the SINR expression for CW radar
S 2
cw _ Ty
= ) 39
v 902 (39)



10(] r

10 2

Py

P,

104 - o
Radar Protocol ® 0
= Classical CW 10~
— —— 130] @ 0
106 —_—— ‘ ; ‘
—30 —20 —10 0 10 20

SINR (dB)

Fig. 3. Detection probability versus SINR for the derived classical CW and reference radar models.

Substituting the SINR from (39) along with the variance and mean from (37) into (34), the radar performance parameters for
the CW protocol are identified as
AV =1, ASY = /2vK. (40)

To validate the derived performance parameters of the classical CW radar benchmark, we compare them against standard

expressions reported in [29] and [30]. Specifically, the ROCs are given by
Pu(P)® =@ (@7 (P) - VEY) (1)

Py (P) ™ =@ (ﬂ ;/—2In (Pf)) , 42)

where Q,,(c, 3) denotes the n-order Marcum Q-function, defined as

Qulad) = i [ are T i, @3)
B

an—l

and I(-) is the modified Bessel function of the first kind of order k. Note that the expression from [29] differs from the derived
CW model in (@0) by a factor of two in the SINR term. This discrepancy arises because [29] defines the noise variance over
a single quadrature (the in-phase component), whereas the CW derivation models the complex signal with both in-phase and
quadrature components. Since noise is independent in each quadrature, the total noise variance is doubled. Once this difference
is accounted for, the two models are physically equivalent. Fig. 3] plots the detection probability as a function of SINR for
several FA probabilities, Py, comparing the derived CW radar model with that of [30]. As expected, the detection probability
is lower-bounded by P;. The consistently better performance of the CW model is expected, as it assumes coherent detection,
whereas [30] considers non-coherent detection.

2) Classical Coherent State (CS) Radar: The quantum formulation of the classical CW radar provides a reliable benchmark
for the quantum TMSYV radar. In this formulation, the quantum channel behaves as a lossy beamsplitter, conserving the total

energy by partitioning it between signal and noise components. Quantum optical modes are described using the annihilation

operator, @, which defines the coherent state (CS), |a), as its eigenstate

ila) = ala), (44)
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Fig. 4. Thermal photon count as a function of frequency and background temperature.

where o € C is the complex-valued eigenvalue. In the number (Fock) basis, this CS is represented by [31]]

_ a2 O 45
o) =e ;m\n% (45)

where n denotes the photon number. The received field operator for the £™ temporal mode is modeled as a linear combination

of the transmitted signal, aﬁ’“l, and thermal noise, dﬁf ] 126]

al = el + /T alM. (46)

This is analogous to a beamsplitter transmitting a fraction n° of the signal and injecting thermal noise in the remaining fraction.
The receiver performs a homodyne measurement of the in-phase quadrature component, %!, As derived in Subsection |C| of

the Appendix, the radar performance parameters for the CS protocol are given by

CS 4CS 2 /0 Lwli 7
Al ’ 2 an + 1’ ( )

where v = n°ns/n,, denotes the SINR and n,, is the thermal photon number as determined by the Bose-Einstein distribution
in (86). Fig. 4] shows how the thermal photon count varies with frequency and background temperature. The solid curve,
which corresponds to a typical background temperature, is the most relevant in practical settings. In the optical frequency
range, the thermal noise is nearly negligible. This is one of the primary reasons why quantum communication systems are
often implemented in the optical domain [32], [33]]. Conversely, the QI protocols offer advantages primarily in high-noise
environments. For this reason, most implementations focus on the microwave regime [[12]], [15], [16], [26[, [27], [34]], [35].
Additionally, entangled photon pairs can be readily generated in the microwave range using existing hardware, unlike in the
millimeter-wave and terahertz bands [[16].

The performance of the CS radar model is compared with that of the classical CW protocol in Fig. 5] for various thermal
noise levels, with the FA probability fixed at Py = 107*. As expected, the CS radar’s performance converges to that of the
classical CW radar as the number of thermal noise photons increases

lim ASS = ASW. (48)

My —> 00
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Fig. 6. Detection probability versus SINR for the quantum TMSV and classical CS radar models.

However, as the thermal noise decreases, the detection probability of the CS radar begins to degrade. This degradation occurs
because, for a fixed SINR, the signal power also becomes extremely small when n,, is low, placing the system in the quantum
regime. In this regime, the assumptions underpinning the classical CW formulation no longer hold. This motivates the use of
the CS radar as a more physically accurate benchmark for evaluating the quantum TMSV radar performance, which typically
operates with weak signal powers.

3) Quantum TMSV Radar: The quantum TMSV radar employs entangled photon pairs, expressed as

(49)

where n, denotes the average photon number in each mode. The subscripts ¢ and ¢ refer to the transmitted signal and the

retained idler, respectively. The associated radar parameters are derived in Subsection [D| of the Appendix, and are given by

4 : S
R (50)
2+ 14+ 2 (14 L)
) K
ANV =2 (e 4 7°) (51)

8yma + 7+ 2 + 1+ 2 (14 1)

where v = n°n;/n,, is defined identically to the CS radar model.
In quantum information theory, the fundamental performance limit for binary quantum hypothesis testing is given by the
Helstrom bound [36], which characterizes the minimum achievable error probability under optimal joint measurements. While

this bound provides insight into the ultimate quantum gain limit of 6 dB, the radar model considered in this work is based on



7y (dB)

Radar Protocol
= = Classical CS
m— Quantum TMSV

10-° 101 10-° 102 10! 10°
Fig. 7. Required SINR versus P, for the quantum TMSV and CS radar models at Py = 106,

the quantum TMSYV protocol, which employs a suboptimal joint measurement scheme using a correlation detector. Although
the maximum achievable advantage of the quantum TMSV radar is 3 dB, it remains more practically feasible to implement
than a conventional QI radar [37]. Moreover, radar performance is conventionally assessed using ROC curves, which specify
detection and FA probabilities without requiring prior probabilities on the hypotheses. This ROC-based formulation enables a
direct mapping of Pc'l’rlin and Py requirements to an equivalent SINR threshold for ISAC optimization. For this reason, while
acknowledging the Helstrom bound as the theoretical limit, we adopt the Gaussian detection model and the resulting ROC
expressions for the radar protocols considered in this work.

Assuming a maximized quantum advantage of Q = 3 dB, Fig. [6] shows the detection probability as a function of SINR for
the quantum TMSV radar compared with its classical CS benchmark. It is evident that the quantum TMSV radar outperforms
the CS radar over a wide SINR range, with the performance gap becoming more pronounced as P, decreases. In practical
radar systems, a target Py is typically specified for a given P, which in turn determines the required SINR. To reflect this
operational perspective, Fig. [7| shows the required SINR as a function of P, for Py = 1079, clearly illustrating the quantum
advantage, namely a reduction in the required SINR across varying detection probability requirements.

The performance advantage of the quantum TMSV radar arises when the mean photon number per temporal-spectral
mode, N, is much smaller than unity and the background thermal noise is high. For f = 16.0 GHz at room temperature
(T = 293.0 K), the latter condition is satisfied with n,, ~ 381.1, as obtained from (86). To satisfy the low signal power
requirement of quantum TMSYV, the total signal energy, &5, must be distributed over a large number of temporal-spectral
modes

é.

éas,m = MS = hfns,ma (52)

where &% ,,, is the energy per mode, M is the number of modes, and h is Planck’s constant. The total number of independent
modes is given by [35]]

M = AB, (53)

where A is the signal dwell time and B is the signal bandwidth. In the microwave regime (3 < f < 30 GHz), state-of-the-art
Josephson parametric amplifiers can generate broadband TMSV states with bandwidths of B = 3.0 GHz [38]], [|39]], and recent
work has reported bandwidths up to B = 4.0 GHz [40]]. This leads to a mode count that grows linearly with dwell time, as

shown in Fig.
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For a given SINR budget, -5, the SINR can be distributed across M modes. From (7)), when K = M and v = 7,/M, the
dependence on M cancels out, so the classical CS radar performance is unaffected by M. In contrast, the quantum TMSV

radar performance depends explicitly on M, as indicated by (50) and (51I). The auxiliary parameters then take the form

CS CS Vb
=1 SN L 54
'Al ’ 'A2 an + 1a ( )

4 w
’YIZ\)/;L + 3775

2y +14+ M (14 L)
Yo Naw

ATMSY — 17 4 (55)

Yo +1°M
8’ijv?w_~_7ns+2nw+1+7];%(1+ 1)

Naw

AV =2 (56)

For the quantum TMSYV radar, M must be chosen such that the low photon number condition on n ., is satisfied [15]], [34].

Using (52) and (53), the total signal power for n ,, = 0.5 is evaluated as

s
Py = K = Bhfngm ~ 21.2 fW, (57)
with the corresponding spectral power density

P

5~ 5.3 x 1072* W/Hz, (58)

which equals the energy per mode, & .

The achievable quantum advantage, 0 < Q < 3 dB, depends on the signal frequency, f, SINR per mode, y,/M, and channel
transmissivity, 7)°. Fig.[9|shows how Q varies with these parameters. At high signal frequencies, the quantum advantage vanishes
because the number of background noise photons approaches zero, as shown in Fig. [} For a fixed signal frequency, increasing
channel loss reduces the maximum allowable SINR per mode needed to attain full quantum advantage. This necessitates larger
M, and thus longer dwell times. For B = 4.0 GHz and f = 16.0 GHz, Fig. shows the minimum required dwell time
as a function of n° and ~,. The dark region corresponds to dwell times that are practically unfavorable for the considered
quantum TMSYV radar configuration. In fast-varying target or channel conditions, the dwell time, A, must lie within the scene’s
stationarity interval. When this interval is short, A can be reduced by relaxing the sensing requirements (leading to lower

S

SINR), operating with higher channel transmissivity, 7°, or using a larger system bandwidth, B, all of which reduce the
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Fig. 10. Minimum required dwell time as a function of channel transmissivity and SINR, with the cross indicating the operating point used in this work.

number of modes, M, required to reach the quantum advantage regime.

The quantum TMSV radar analysis in this work assumes ideal quantum hardware, without accounting for practical non-
idealities such as limited entanglement fidelity, quantum memory storage loss, detector inefficiency, and other implementation
imperfections that may reduce the achievable quantum advantage. A detailed overview of these system-level considerations

can be found in [41]], which offers useful guidance for developing more realistic quantum TMSV radar models.

IV. INTEGRATED QUANTUM SENSING AND CLASSICAL COMMUNICATION (IQSCC) SYSTEM

In the proposed IQSCC system, a quantum TMSV radar is employed for target sensing. The radar SINR constraint in ) is
not directly applicable to the quantum TMSV case, because the total transmit covariance, V;, contains power allocated to both
the sensing and communication signals. In the IQSCC framework, only the sensing covariance, V, contributes to the quantum

TMSV detection process, while the communication covariance, V., produces additional interference after being reflected from



the target. As a result, the effective radar SINR is given by

S

p
|Bol?

al (60) W, 'a,(6p) > a2 (00) V.2 (60)] ", (59)

where ¥, = ¥ + |By|2A(0y)V.A (). In the conventional ISAC baseline, both the sensing and communication signals
contribute to target detection, so this additional interference term does not arise. The utilized parameters to compare the
performance of the conventional ISAC and proposed IQSCC systems are shown in Table |I The BS is equipped with N, =
N; = 10 receive and transmit antennas, respectively. The maximum power budgets are set to P;"™ = 1.0 W and P/™ =
200.0 mW for the BS and UL user, respectively. The target reflection coefficient is |3y|?> = n° = —56.5 dB. The path loss
is n? = n* = —60.0 dB for both DL and UL users, 7° = —20.0 dB for the interferers, and the residual SI channel power is

P, = —100.0 dB. The background noise power is computed as follows [15]
02 =n,hfB ~16.2 pW. (60)

Considering the requirement on the FA and detection probabilities to be Py = 1076 and PIn = 0.99, respectively, the
radars’ minimum SINR requirement is obtained from Fig. [7| as p©5 = 14.0 dB and p™$V = 11.0 dB, where the SINR per
mode requirement on the IQSCC system is p™SV /M ~ —112.0 dB.

Both modeled systems employ identical parameters and the same SCA-based joint beamforming and power-allocation algo-
rithm. Thus, any performance improvement of the IQSCC system stems solely from the quantum-enhanced sensing advantage,
which relaxes the radar SINR constraint and therefore allows more transmit power to be allocated to the communication
signal. The beampattern gains for both systems are illustrated in Fig. [[T} For the conventional ISAC system, the sensing beam
exhibits a sharp mainlobe in the target direction while remaining highly attenuated toward the DL user, demonstrating strong
spatial isolation and minimal interference with the communication functionality. In contrast, the communication beam forms a
pronounced peak toward the DL user, with sidelobes suppressed in the target direction. Although both systems achieve the same
sensing performance, the IQSCC configuration in Fig. [11] (b) does so with reduced overall sensing power, with the absence of
a visible sensing beampattern due to the extremely low SINR per mode.

The system sum rates over successive optimization iterations are presented in Fig. As shown, the proposed IQSCC
system converges rapidly to a higher steady-state sum rate than the conventional ISAC baseline, achieving approximately
91.0 gigabits per second (Gbps). This represents a 21.2% improvement, corresponding to an increase of 15.9 Gbps under the
same bandwidth and power conditions. This gain highlights the advantage of incorporating quantum sensing into the ISAC

framework, which allows for more efficient utilization of power and spatial resources.

V. CONCLUSION

This paper presented an IQSCC architecture that embeds quantum TMSV radar within an FD ISAC system. A detection
framework was developed for both the quantum TMSV and classical radar benchmarks, which was used to demonstrate
the superior detection performance of quantum TMSV in low-SINR regimes. A joint optimization problem incorporating

beamforming and power allocation was formulated and solved using SCA techniques. Simulation results showed that the



TABLE I
THE UTILIZED ISAC AND QUANTUM TMSV RADAR SYSTEM PARAMETERS.

Parameter Value Dependency
Photons per Mode Ngm = 0.5 Ligilte;tzns
Operating Temperature T =293.0K ErLl,‘i/irrl(i);rtIilz;l;al
Signal Frequency f =16.0 GHz Practical
Signal Bandwidth B =4.0 GHz Limitations

Thermal Noise Photons Ny ~ 381.1 T and f
AWGN Power 02 ~16.2 pW f and B
FA Probability PP =107° Performance
Detection Probability Prin = 0.99 Requirement
CS Radar SINR pSS =14.0 dB

TMSV Radar SINR

p™SV = 11.0 dB

PP and Py"

BS-Target Channel Gain n® = —56.5 dB
BS-DL User Channel Gain | 7%= —60.0 dB | Environmental
BS-UL User Channel Gain n* = —60.0 dB Limitations
BS-Interferer Channel Gain nt = —20.0 dB
Dwell Time A~ 5024 s v, n, and B
Modes Count M ~2.0 x 1012 A and B
Receive Antennas Count N, =10
Transmit Antennas Count Ny =10
- Practical
BS Power Budget P =10W o
Limitations

UL User Power Budget PP = 200.0 mW
Residual SI Channel Power P, = —-100.0 dB

IQSCC system increased the overall sum rate by 15.9 Gbps compared to conventional ISAC systems while satisfying the
required sensing constraints.

Future research may explore experimental validation, extensions to multi-user scenarios, and hybrid quantum-—classical
detection strategies in which the reflected classical communication signal is exploited rather than treated solely as interference.
Such approaches may further enhance sensing performance and broaden the applicability of the proposed framework. Another
promising direction is the development of quantum TMSV radar models that explicitly capture temporal effects across multiple
observations, including phase drift, idler-storage decay, and time-varying hardware impairments. Incorporating these dynamics
would enable analysis of coherent versus non-coherent integration over time and allow the sensing model to more accurately

reflect physical hardware behavior and better inform ISAC system optimization.

APPENDIX

A. Derivation of (I2) and (I3)

The optimal receive beamformers can be derived in closed form using the generalized Rayleigh quotient

xHM,,x

R(X) = 7XHMdX7

(61)
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where x is a non-zero complex vector, M,, is a complex Hermitian matrix, and My is a positive-definite complex Hermitian
matrix such that xMyx > 0 for all x # 0. The maximum value of R(x) occurs at the largest generalized eigenvalue, ), of
the pair (M,,, M)

M, x = AMyx. (62)

To optimize the receive beamformer u, @) is rewritten as [6]]

< |Bol*ua,(6o)af (6o) Vias(fo)a) (fo)u
7 uff (phh? + BV,BH + 621y )u
_ |Bol2af’ (60) Viar(6)u a, (6y)al (6p)u
ufl (phh# + BV,BH + 021y, )

r

(63)

u

since |Bo|%al’ (6y)Vias(fo) is a scalar. Comparing with the generalized Rayleigh quotient, by letting x = wu, it follows that

= |Bo|*af’ (6o) Via(0o)a,(6p)al’ (y) and My = phhl + BV;BH + 621y . Therefore, the generalized eigenvalue



problem is given by

|Bol*af’ (60) Viar (6o)ar (60)a;! (6o)u

= A(phh? + BV,;B¥ + 421y )u.

Since alf(fy)u is scalar, this expression can be rewritten as

(phh? + BV,B + 621y )7 'a,(6y) = %u,

(64)

(65)

where v = |Bo|2al’ (6y) Via;(0p)a (6p)u. Maximizing the SINR corresponds to the largest eigenvalue, and thus the optimal

receive beamformer for the radar is obtained as (12). The optimal receive beamformer for (IT) is derived similarly to obtain (I3).

B. Derivation of (33)

For a fixed Py, P; is maximized using the likelihood ratio test [29]

_ o)
p(x[#o)

L(r) > (,

where r is the received signal vector and ( is a decision threshold determined to satisfy

/ p(x|Ho) dr = Py.
{r:L(r)>¢}

Assuming Gaussian statistics, the likelihoods under each hypothesis are

K (r[k])2 725;1(1‘[’“])2
202 202
p(r|7—[0):]:[6 0 :6 OK,
ko1 00V 2 (00’ or )
NGO S LR
K e 207 e 207

I'Hl = =
p(r[H1) kl;[l o/2n (Ul\/ﬂ)K

Substituting these likelihoods into (66) yields the decision rule

K SR (Mom)® K (+M)?
<00> e 207 + 203 ><
o1

Expanding and simplifying the left-hand side of (70) leads to
K K

1 1 2 9
L (K] 441 (k]
(08 Uf)z(r ) T2 ;r ”

k=1 1k

Defining the sample mean as

= i [(rfé)z - (r[k]g_%’”)zl >2In <g (Z;)K> .

(66)

(67)

(68)

(69)

(70)

(71)

(72)
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the test can be rewritten as

K
in(6(2)") L (o) @ .
Ky M 2K 7 7

C/

which, together with the test statistic in (28), defines the FA and detection probabilities leading to (33).

C. Derivation of ({#7)

The CS radar model is based on quantum optical formalism, where quantum states of light are described using annihilation,

a, and creation, af, operators. Their action on the Fock basis states, |n), is given by [31]

aln) =+nin—1), (74)
atlny=vn+1ln+1). (75)

In the shot-noise unit convention, the annihilation and creation operators can be expressed in terms of the dimensionless

quadrature operators,  and p, as follows [31]]

1

a= (&+3p), (76)
1

at =3 (& - jp). 77)

Accordingly, the quadrature operators are recoverable from the bosonic operators via the following relation

i=a+al, (78)
MU PO
p==(a—al). (79)
J
The photon number operator is defined as [31]]
h=ala, (80)
with its expectation in a CS |«) giving the average photon number
n = {(a|n|a) . 81)
The average signal power per pulse is then
h
(P) = Tfn, (82)

where h is Planck’s constant, f is the signal frequency, and ¢ is the pulse duration. In practice, the usable signal bandwidth,
W, is constrained by the phase-matching bandwidth, W, such that W < W. To prevent spectral spreading beyond this limit,

the time duration & must satisfy 0 = W [42]. Substituting this into (82) yields

(P) = hfWn. (83)
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From (@), the expected photon number at the receiver is

k) = <(d[rk])Td£~k]>

T (84)
=)+ (1= 1) <(af]) dﬁf]> 7

t
where ngk] = <(&£k]) d,[fk}> denotes the mean transmitted photon number, while the cross terms vanish due to statistical
independence between signal and noise. To ensure fair hypothesis testing, the noise level at the receiver must remain fixed

under both hypotheses. This is enforced by defining the noise photon number as

(k]

§ nyw , under Ho,
<<am) &gd> I (85)
k
%, under H;.

The thermal photon number, n,,, follows the Bose—FEinstein distribution [43]]
-1
- {ehf/(ka) _ 1} , (86)

where T is the environment temperature and k; is the Boltzmann’s constant. Substituting into (84) yields the expected

received photon number as

(K]

nlfl = pon 4 nlk (87)
From (78), the & quadrature expectation of the transmitted signal is
(&) = (a|T¢]a) = a+ o = 2q, (88)

where a € R is assumed (i.e., the signal encoded only in £). The second moment is

(i?) = a® + (@)® + 1+ 2[a]? = 4a® + 1, (89)

[a,a"] = aa' —a'a = 1. (90)

Thus, the quadrature variance is given by

o2 = (i) — (#) = 1. 91)
Similarly, the p quadrature parameters are found to be

() =0, (p})y=1, of =1 (92)
The transmitted photon number can be re-expressed using (89) and (92)) as follows

ne= (@) a) = 3 ((8) + (7)) = ma + 3. ©93)



where n, = o2 is the signal photon count. Thus, the CS radar SINR is

cs _ s
"y =
N
For reference, the vacuum quadrature variances are
2 _ 2 _
&, =0p, =1,
corresponding to a vacuum photon number of
1
Ny = 5

For a thermal state with n,, photons, the quadrature variances are

— 42
Uin_aﬁn_an_'—l'

At the receiver, the expected & quadrature under H; is
() = Vi ({0 + (af) ) = 2vira,
where and (78) are used, along with the fact that (a,) = (af,) = 0. The corresponding second moment is
<i:3> =n’ <§:f> +(1-17% <i"i> =2 (2nsa2 + nw) +1,

where we made use of , , , and (Z,) = 0. Hence, the variance is

2
0%

L =2ny + 1.
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(94)

95)

(96)

o7

(98)

99)

(100)

By symmetry, the same holds for p. Finally, (#7) is obtained by considering (94) while plugging (98) and (100) into (34).

D. Derivation of (30) and (571)

The TMSYV state has a zero-mean Gaussian Wigner representation with a covariance matrix in standard form given by [31]

S 0 C 0
0o S 0 -C
vV, = ,
c, 0 S
0 ¢, 0 5

(101)

where S = 2n, + 1 is the quadrature variance of each mode in shot-noise units and C, = 24/n, (n, + 1) quantifies the

inter-mode correlations. The received signal mode is subject to the same lossy thermal channel described in (@6), and the

corresponding expressions (87) and (94) also apply. Target detection is performed using the correlation operator

e = alfaf - plttp,

(102)
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where the subscript r denotes the received mode [34]. Under #H;, the expectation of the first term is
1 1
(rlt) =Gttt (o) o))
= 24/n°ng (ng + 1),

where and 1i were used. Terms involving <d£f ]a£k1> vanish due to the zero-mean nature of the background noise and

(103)

its statistical independence from the idler mode. Similarly, the second term expectation evaluates to

() = 2 firma Gy T (04

which leads to the expected correlation value under H;

<é[k1> = 4y /nng (ng +1). (105)

To compute the variance, we first evaluate the second moment

(@) = ((aat)") + { ())
= (@Malpp) - (ppleal) (106)
=4[ng (8n°ng +Tn° + 2ny, + 1) + 1y + 1],

where the Wick’s theorem [44] was applied to factor higher-order moments. Hence, the variance of the correlation operator
under H1 becomes

o2 = 4[ng (47°ng +30° + 20y + 1) + ny + 1]. (107)

Under Hy, the correlation variance reduces to the same expression with n° = 0. Finally, using (94), the auxiliary radar

parameters follow directly from the mean and variance expressions above.
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