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Sensing and Communication Optimal Trade-Off for
MIMO Bistatic Systems

Flavio Zabini

Abstract—To enable mobile perceptive networks, two critical
components are essential: the adoption of bistatic configurations
that eliminate the need for full-duplex technology and the devel-
opment of methodologies to balance localization and communica-
tion functionalities under respective constraints.Addressing these
challenges, this work investigates a joint sensing communication
(JSC) multiple input-multiple output (MIMO) system employing
a bistatic sensing configuration for target localization. We develop
an analytical framework to derive both exact and low-complexity
suboptimal solutions for the beamforming weight vector, minimiz-
ing localization error while adhering to communication and power
constraints. This framework establishes fundamental limits for
JSC MIMO systems operating in bistatic mode, offering valuable
insights into target localization performance as a function of the
required communication signal-to-noise ratio (SNR). Numerical
results validate the proposed methodology, demonstrating its ef-
fectiveness in optimizing sensing performance across a specified
area of interest while maintaining compliance with communication
constraints for users.

Index Terms—Joint sensing and communication, multiple
antennas, Cramér-Rao bound, Fisher information, localization
error, optimal beamforming.

I. INTRODUCTION

HE integration of sensing and communication functionali-
T ties has emerged as a pivotal area of research, driven by the
growing demand for Internet of Things (IoT) applications [2],
[3] and the rapid evolution of next-generation 6G mobile net-
works [4], [5], [6], [7], [8], [9], [10], [11]. Emerging applications
such as perceptive mobile networks [12], intelligent transporta-
tion systems [13], enhanced safety measures [14], assisted liv-
ing technologies, human-machine interfaces, broadcasting ser-
vices [15], and mobile crowdsensing [16], [17] demand systems
capable of achieving seamless coexistence between sensing and
communication [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28].
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With advancements in automation, the need for precise vehi-
cle positioning has become critical, enabling autonomous nav-
igation in increasingly complex environments. Such precision
relies on leveraging mobile networks to sense the environ-
ment [29], including vehicles and pedestrians, while vehicle-to-
everything (V2X) sidelink communication, a powerful enabler
for localization tasks, enhances the capabilities of modern ve-
hicular networks [30], [31], [32], [33].

Recent solutions have explored different strategies to enhance
joint sensing and communication (JSC) capabilities [34], [35],
[36], [37], [38], [39]. For instance, active reconfigurable intel-
ligent surfaces have been shown to improve radar signal-to-
interference plus noise ratio (SINR) through joint optimization
of transmit and reflection parameters while maintaining com-
munication quality of service constraints [40]. On the receiver
side, projection-based schemes have been proposed to mitigate
mutual interference between uplink signal detection and sens-
ing tasks, enabling simultaneous high-performance operation
through joint multi-snapshot processing [41].

To fully exploit the efficiency of integrating these two func-
tionalities, it is essential to design a flexible waveform that
appropriately balances the trade-off between sensing and com-
munication [42], [43], [44], [45], [46]. Recent advancements
in multiple-input multiple-output (MIMO) technology have
demonstrated significant benefits on the communication side,
such as spatial diversity, increased capacity, and robust miti-
gation of channel fading. Additionally, MIMO introduces de-
grees of freedom to accommodate and enhance sensing perfor-
mance [47], [48], [49], [50], [51]. Ina MIMO setup, this trade-off
manifests itself in the conflicting requirements of beamforming
patterns: communication performance demands beam design
that maximizes the signal-to-noise ratio (SNR) for the user
equipment (UE), while sensing performance is maximized by
focusing transmitted power toward the target for detection or
localization.

Several recent works have explored the JSC trade-off. For
example, [52] examines a monostatic MIMO base station (BS)
detecting a single target while transmitting data to multiple users.
An analytical expression for the JSC trade-off (detection proba-
bility vs. bit rate) is provided, though it remains unclear whether
the proposed dual-function waveform achieves theoretical lim-
its. Similarly, [53] evaluates the Cramér-Rao Bound (CRB) for
target direction estimation in a monostatic setup, deriving the
optimal trade-off between the CRB and communication SNR.
The finite block-length regime’s impact on the JSC trade-off is
addressed in [54].

However, many studies assume monostatic radar configu-
rations [55], [56], [57], where the BS transmitting the dual-
function waveform also performs sensing using full-duplex tech-
nology [22]. This approach presents practical challenges due to
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weak reflected signals from targets. Additionally, monostatic
configurations are restrictive in scenarios requiring cooperation
between multiple BSs. Consequently, investigating the JSC
trade-off in a bistatic setting becomes crucial for understanding
its potential in networked environments [1], [58], [59], [60],
[61]. Recent efforts have introduced bistatic JSC systems using
orthogonal frequency-division multiplexing [62], standardized
5G New Radio waveforms [63], and integrated multiuser beam-
forming designs [64]. Despite these advancements, key ques-
tions remain unanswered, particularly regarding the analytical
derivation of CRB for target position estimation in a bistatic
system integrated with communication. Existing works do not
jointly optimize beamforming for sensing and communication
functionalities, leaving a significant gap in understanding the
potential of bistatic JSC systems. This work addresses these
gaps by:
® Deriving explicit analytical expressions for the CRB of
target position estimation in a MIMO bistatic configuration

with transmit beamforming.

® Providing an exact solution for the optimal beamforming

weight vector to maximize localization performance while
satisfying power and SNR constraints in the single user
case.

® Proposing suboptimal beamforming strategies that closely

approximate the optimal solution without requiring com-
plex optimization procedures.

® Proposing an optimal design strategy for the beamforming

weight vector is derived to maximize localization perfor-
mance under power and SINR constraints in the multi-user
case, leveraging semi-definite programming (SDP).

® Analyzing the JSC trade-off in both non-line-of-sight

(NLoS) and line-of-sight (LoS) scenarios, incorporating
the effects of channel randomness.

® Demonstrating that optimal beamforming substantially re-

duces the CRB across the area of interest while meeting
communication constraints, thereby validating the effec-
tiveness of the proposed methodology.

Throughout the paper, capital boldface letters denote matri-
ces, lowercase bold letters denote vectors, with v; we represent
the jth column of the matrix V, (-)T stands for transposition,
() stands for Hermitian transposition, I,, is the n x n identity
matrix, 0, is the vector of n zeros, || - || is the l,-norm, tr(-)
is the trace of a matrix, V[-] represents the gradient, | - | is the
absolute value, R{-} is the real part of a complex number, and
E{-} denotes the expectation operator.

The rest of the paper is organized as follows. In Section II,
the scenario and the system model are introduced. Section III
derives the CRB of position estimation. Section IV analyzes the
JSC trade-off, deriving both optimal and suboptimal solutions.
Numerical results are given in Section V. Conclusion are drawn
in section VL.

II. SYSTEM MODEL

Let us consider a dual-function system that combines commu-
nication and sensing capabilities within a bistatic radar configu-
ration, as illustrated in Fig. 1. In this particular arrangement, both
the transmitter and the receiver are equipped with antenna arrays
comprising Nt and Ny elements, respectively, with Nt being
less than Ny. In this context, the transmitted signal serves a dual
purpose: it handles communication by delivering information to
a single antenna UE while simultaneously illuminating a target
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Fig. 1. The dual-function system with communication and bistatic radar
capabilities.

for radar purposes. The bistatic pair, consisting of a transmit-
ter and a receiver, is responsible for determining the target’s
position, distinct from that of the UE, all the while ensuring a
predefined level of communication quality for the UE.

To exemplify the scenario, we consider the transmitter (Tx)
and receiver (Rx) to be two BSs, one operating in downlink
and the other listening to the transmitted signal scattered by the
target, both cooperating to perform JSC; however, the Rx can be
a specific device used for sensing purposes only. In the system
under consideration, position estimation relies exclusively on
measuring the angles of arrival and departure. Furthermore, as
in [9], we consider the general case with K communication
users, providing an analytical solution for K = 1 (single user)
and a SDP-based solution for K > 1 (multiuser case). The
rationale behind this distinction is to preserve an analytical
solution for the specific single-user case while simultaneously
enabling a semi-analytical solution for the general case.

The dual-function waveform emitted by the Tx consists of
L symbols and is represented as a Nt x L matrix X whose
(i, j)-th element is the discrete signal sample transmitted at the
i-th antenna in the j-th time slot.! In particular, we consider:

X = Wpr SH (1

., W) € CNT*K i the dual func-
),

where WDF £ (Wl7 Wy, ..
tion beamforming matrix to be optimized, being w;, = (

wgk), . wg\]fT))T € CN! the weight vector related to the k-th
user (with k=1,2,...,K) and Sc = (SCI,Scz,. ..,SCK) S
CK*L is the signal matrix whose k-th row sc; =

(s s

()\T
81,8y s, 81)

e CL*1 contains the zero mean (i.e.,
]E{sz(.k)} =0 for i =1,2,..., L) unit power data stream of
symbols related to the k-th user, so that SCESC;C = L for all
k and ScSH = LIy (being I the K x K identity matrix).
Under these assumptions, the covariance matrix is

1 1
Rx £ XXM = - WpeS{ScWpp = WorWpe  (2)
and, by indicating as || - ||  the Frobenius norm, the transmission

power constraint results in

Nr L
1 1
7 > S fayl = Ztr(xxH) = tr(WprWhE)

i=1 j=1

= |Woe|z < Pr (3)

'Without loss of generality, the baseband representation of signals is consid-
ered.



4220

where Pr is the maximum transmit power.

A. Communication Functionality

By denoting as yc, = (y\", 48",y T e €L the

signal received by the k-th UE, the received signal matrix
Yc £ (Y1, ¥ca, - Yex) € CEK can be written as

YC = XHH + ZC (4)

where H £ (hy, hy, ..., hg) is the Nt x K communication
channel matrix, being hy, = (hy, ha, ..., hy, )" € CVN7<! the
vector of the channel coefficients related to the k-th commu-
nication user and Zc £ (zcy,2co, - .., Zck) € CP*K is the
noise matrix, being zcj £ (zl(k), zék), e ,z(Lk))T € CE*! the
additive white Gaussian noise (AWGN) vector for the k-th
communication user with independent, identically distributed
(i.i.d.) components and E{|z;*} = o0& forj = 1,2,..., L. The
SINRfor the k-th communication user is thus given by

o lsewfhP
Zgil ||Sc¢w?hk||2 + La% Zf:l |h;';'Wi|2 + oé
i#k ik

&)

Tk

B. Bistatic Sensing Functionality

Regarding the radar functionality, the bistatic configuration
is represented by the angle of departure (AoD) f1 and angle of
arrival (AoA) 6y of the target and the baseline [. In this setting,
let us denote with dy and dg the distance of the target from the
Tx and the Rx, respectively. By considering the radar equation in
free space propagation,” we can define the reflection coefficient
« taking both the path-loss and the radar cross-section (RCS) of
the target, oy, into account such that [65]

laf = GrGrA 0w
(4m)3d3d%

where Gt and G are the gain of the array elements at the Tx and
Rx, A = ¢/ f. is the wavelength associated with the transmitted
signal, ¢ is the speed of light, and f. is the carrier frequency.

For the radar purpose, the element z; ; of X is the j-th
fast-time snapshot transmitted at the i-th antenna [52], [53].
Therefore, we can write the reflected echo signal as an Ng x L
matrix

(©)

Yr = aAp(0Or,0r)X + Zg @)

where each element yg, ; is the j-th fast-time snapshot received
at the i-th antenna, Zg 1s the AWGN matrix, with covariance
%E{ZEZR} = U]%IL» and AB(QT,QR) € CNexNt g 3 matrix
depending on the steering vectors a(fy) € CVr*! at the Tx and
b(fr) € CVe*! at the Rx [48], i.e.,

Ag(0r,0r) £ b(fr)a" (07) . ®)

For uniform linear arrays (ULAs) with half-wavelength inter-
element spacing, the steering vectors are

Np—1 Np—3 _ . I
T T—7sin 6r el T—sinfr
Sy

a(fr)=|e 72

wsinfy _—j
,€

2Typically, radar systems operate in LoS conditions due to the significant
impact of path loss, as described by the radar equation, which severely limits
detection and localization performance in non-line-of-sight scenarios.
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b(eR) _ 67‘j N‘y' 7 sin GR’ 67j N%%Trsin 9R7 e ej NR[I 7 sin O
)
from which it can be readily noticed that
aH(GT)a(HT) = _]VT7 bH (HR)b(GR) = NR, VQT,QR . (10)

Moreover, the derivatives a(fr) = %ff) and b(fg) £ %i“)
result in

a(or) = {—jal T; T cos O, —jas T; wcosbr,. ..,
_ T
Jan, ——=——m cos GT}
. Nr —1 Nr —3
b(0r) = {—jbl R mcosOr, —jbs R mcosbg,. ..,
B T
JONg T cos GR] (11)

where a; and b; are the i-th elements of a(fr) and b(6Rr),
respectively. It is easy to verify the following orthogonality
property between steering vectors and their derivatives [48]:

al(0r)a(fr) = b (Br)b(6r) =0, Vor, 0.  (12)

The log-likelihood of the received echo signal (7) can thus be
derived as [66]

In fy,(Yr; 01,0r) = —NgL ln(mfl%)

1
— Z(HYJ'H2 — 2R {ay! Ag(6r,0k)x;}

T2
Rj:l

+|a|2x;*AB(9T,aR)HAB(eT,ok)xj). (13)
Now, since our goal is to derive the Fisher information matrix
(FIM), we take the expectation of the negative log-likelihood
(13), which after some calculations, and considering that the
transmitted symbols are zero-mean (i.e., E{x;} = Ox;,), leads
to

L£(07,0r) = —E{In fy,(Yx;01,0R)}
—'O“ZLE HA g (0. 0 A (01, 0
* 52 > E{x] A (6r, 6r)" A (61, 6r)x; }
j=1
(14)

where we dropped all the terms that do not depend on the
parameters Ot and 0g. Now, recalling the properties of the trace
operator we get

» L
«
L(07,0R) o |0—2| E {tr (A (61, 0)x;x5 Ap (1, 0:)") }
R
Llaf?
= l,z‘ tr (Ap(0r, Or) Rx AR (0r,0r)) . (15)
R

Note that the covariance matrix Rx in (15) is directly related
to the beamforming vector w at the Tx via (2). Hence, such
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a beamforming vector impacts both the communication func-
tionality and the sensing one; therefore, w must be designed to
achieve the desired communication/sensing trade-off.

In this work, we focus on target tracking scenarios, partic-
ularly those where the target is stationary or moving slowly.
Under these conditions, the estimated or predicted positions
evolve gradually, making the design of the beamforming pattern
feasible.?

C. Bistatic Sensing Geometry

Without loss of generality, we can set the origin of the Carte-
sian axes on the center of the receiving array, such that the target
position can be expressed as

T = dg sin Or (16a)

(16b)

where 6y is anti-clockwise oriented, while the x-axis is oriented
from right to left (see Fig. 1).

Consider the triangle with vertices in the target and in the Tx
and the Rx. Once the baseline [ is known, it is sufficient to know
two out of the four following quantities to determine the target
position: dr, dg, 01, Og. In the following, we choose to estimate
the two angles 6t and 0g.*

Thus, to find the relationship between target position and the
two angles, we can start writing the equations of the two lines
shown in Fig. 1 that respectively pass through the target and the
origin (0,0), and the target and the point (I, 0), i.e

y = T tan (g —OR)

y = dg cos O

a7)

y = (¢ — 1) tan (on g) (18)
from which the x-coordinate of the intersection is obtained by
equating (17) and (18)
ltan (01 — &
x = ( ) . (19)
tan (9’1‘ — g) — tan (% — HR)

Now, remembering the following trigonometric identity
tan(p — 5) = —tan(5 — ¢) = —cot ¢, the expression (19)
simplifies into

l
=—— 20
v 1 + cot Og tan O 20
Then, the y-coordinate of the target is obtained by substituting

(20) in (17), from which
l
S 21
y tan Or + tan O 21

Accordingly, we can define the following change of coordinates:

Q: (GT, 9R) — (LL’, y) = Q(QT,9R> where
l
_ A
=00, 0k) = 1 + cot Og tan O (222)
l
y =1(0r,0r) £ (22b)

tanOg + tanfr

3This assumption aligns with that adopted in [9] for the monostatic scenario,
where w is optimized for a direction of interest in which a potential target may
be located.

4 Another possible solution is to estimate Or and dt + dR, the last one through
the time difference of arrival between the Tx-Rx path and the Tx-target-Rx path.
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Now, the target position is expressed in terms of the two angles
Or, Ot to be estimated.

Remark 1: Note that when y = 0, i.e., the target is on the
baseline, cot g = 0 and tan 6 — oo, therefore an indetermi-
nate form arises for the x-coordinate in (22). Consequently, as
is common in bistatic configurations, target localization is not
feasible in this specific situation.

Remark 2: Note also that (22) are valid for 0 < fr < 27 and
0 < Or < 27. However, when using ULA antennas, care must
be taken due to potential angle ambiguity. For instance, with
ULAs oriented as in Fig. 1, it is advisable to restrict both Ot
and O to [—m/2,m/2] to avoid ambiguities in AoA and AoD
estimation, unless specific information is available to resolve
this ambiguity.

III. COMMUNICATION VS SENSING TRADE-OFF

A. Fisher Information Matrix for Bistatic Sensing

Let us define

OAg(0r,0))

Ar(0r,0r) 2 o, = b(fr)a" (1) (23a)
. OAgp (0,0 .
Ag(Or,0r) 2 %‘)ZR) =b(6r)a™(6r).  (23b)

By observing (15), one can recognize that the FIM coefficients
can be computed by following a procedure similar to that
adopted in [48], obtaining:

Tonie = o 2L P (AT(eT,aR)RXAT Or, Or ) (24a)

Jor0n = |a|2tr (AT(GT,HR)RXAR Or, Ox ) 0 (24b)

Tonoe = o 2L\ P (AR(GT,HR)RXAT Or, O ) —0 (240)

T = o 2L\ P (AR(GT,HR)RXAR Or, O ) (24d)
Thus, the FIM results in the 2 x 2 diagonal matrix:

B. CRB on the AoA and AoD Estimation

The CRB on the AoA and AoD estimation error can be
computed by inverting the FIM (25):

1 0
37! (6r,6r) = lJSBBT 1

Jog o)

(26)

where Jy, ¢, and Jy, g, are defined by (24). Hence, the CRBs
on the angles of arrival and departure are given by:

2
OR

2L |oz\2tr (AT(QT, HR)R)(A¥ (HT, QR))
(27a)

CRBy, (fr,0r) =
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2
OR

2L |a|2tr (AR(HT, QR)R)(AE (9”[, HR)>
(27b)

CRBy, (QT, QR) =

C. CRB on the MSE of the Position Estimate

Let us denote with J¢ the Jacobian of the transformation
Q) (QT, QR) — (:17, y) = Q(OT, QR) defined by (22)

90 99
Jo = |50 o (28)
90y Dok
whose elements are

9¢ [ tanfr
A 5
061 cos? Or(tan O + tan O1)2 (29a)
o l tan O
37912 B cos2 0R (tan GR + tan HT)Z (29b)
o I
oy _ _ )
001 cos? Or(tan O + tan O7)2 (29¢)
oY 1
oy _ ' )
00 cos? fg (tan O + tan f1)2 (29d)

By defining the inverse transformation Q' : (z,y) — (0r, 0R)
= Q !(x,y), it is known that its Jacobian is

Jor=3g' (30)

from which the FIM with respect to the new coordinates, J(x, y),
can be retrieved from

I(x,y) = I I(0r, 0r) I 1 31
and, thanks to (26) and (30), its inverse as
571 (xa y) = JQ jil (eTv QR)Jg
20 0] [ L o ][22 o
90r 06y Tor,on 00y 06x
(32)

Then, starting from (32), it follows that the CRB on target
localization error is

CRB(z,y) =tr (37 (z,y)) = tr (Jo I (01, 0R)JI)

=1r (JEJQ 371(01‘, QR)) (33)
where
grr  9g1Rr 2 2l %
Maa=G= [T\ g5
9RT  JRR Té{ d0r | | 907 37{
(34)

By substituting (26) in (33) the CRB expression can be further
simplified as

grr
J9T 01

YRR
J9R ,0r

CRB(z,y) = (35)

where grr and grr, are computed starting from (29) and (34),
as follows:

_ (90N (90N P (1 +tan’ty)
grr = dOr 00y )  cos*Op(tan Ok + tan Or)*

(36a)
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oo \* [ ov\’ 12 (1 + tan? Or)
RR=\|7) T\ 5| = .
O0r 00r cos* Or (tan Og + tan Or)*
(36b)

Note that, from (22), we obtain:

fr = arctan <x> , Ot = arctan <l—x> 37
Y Y

that allows to write (36a) and (36b) and the CRB as a function
of z and y.

By using (24) in (35), the CRB of target position estimation
can be written as

o grT
CRB(z,y) = 5—~ : .
2L|a|2 tr (AT(GT,QR)R)(A?(QT,HR))

9RR

+—7 -
tr (AR(QL QR)R)(AE (9]‘, QR)>

(38)

D. CRB Coefficients grr and grg

In Fig. 2(a), we plot the coefficient grr in the CRB expression
(35), normalized to [* and expressed in logarithmic units, as
a function of the target position (xz,y). It can be noticed that
the coefficient assumes high values (around 20dB) along the
baseline and low values (around —20 dB) approximately around
the position (I,0). The symmetry with respect to the x-axis can
also be noticed.

InFig. 2(b), instead, the grgr coefficient in the CRB expression
(35), normalized to [ and expressed in logarithmic units, is
plotted as a function of the target position (x, y). We can notice
that the coefficient assumes high values (around 20 dB) along
the baseline and low values (around —20dB) in (0,0) (at the
Rx). To understand how the two coefficients impact the CRB it
is interesting to compare them. In Fig. 2(c), the ratio grr/grr it
deciBel is depicted, in order to partition the whole plane in three
zones, where: i) grr > grr, 44) g1T & gRR, and i) grr < grR-
For each one of these zones, the suboptimal method 1 will be
applied according to Section IV-D1. These coefficients are also
needed for the optimal solution as it will be shown in the next
section.

IV. JSC OPTIMIZATION FOR BISTATIC SENSING

A. Problem Formulation

For the point target scenario with fixed target position (x, y),
the beamforming optimization problem under communication
user’s SINR and power budget constraints can be written as:

Wpt = arg min CRB(z, y)
Wor
s.t. e > Iy, VE

|Woe|% < Pr. (39)

SNote that these coefficients depend only on the position of the target and not
on the beamforming vector, which instead affects Jg, ¢, and Jg, g, in (35).
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ol L/
-0.5 0 0.5 1 15
x/l x/l

(a) (b)

Fig. 2. Normalized coefficients: (a) grr /1> [dB], (b) grr /1? [dB], and (c) grT/grR [dB].
B. Optimization for the Multiuser Case [tR 0 ]
=0

By applying the Schur component condition as in [53] it can be 0 tr (AE (01, 0r)Ag(0r,0r) S szl Wk>

proved that minimizing CRB(z, y) is equivalent to the following

SDP: K )
) tr(QWi) — T Y tr (QW;) > Ty0g, Vk
' R _ (91T , IRR ry:
ertnoly?ntk 2L|a|2 ( tr + tr > ik
K
t 0
s.t. ! ‘H . =0 th (W) < Pr, W, >=0. (42)
0 tr (AT (9’[, QR)AT(HT, GR)Rx) k=1
R 0 C. Optimization for the Single User Case
. . 0.
0 tr (AE(GT,GR)AR(GT,QR)Rx) =0 The case K =1 is of particular interest, as it leads to a

(40) simplified optimization procedure while still capturing the main
features of the problem under consideration. Moreover, in prac-
tical scenarios such as multicarrier systems, multiple users can
often be allocated orthogonally to avoid mutual interference. As
a result, it is not uncommon for the trade-off to involve a single
5 user and a target. Note that, for K = 1, the dual function beam-
min oR <@ gR_R> forming matrix Wpg = (wy, wy, ..., wg) € CVK reduces
(Wil R, trte 2L \ tr tr to a vector w € CN*! where we skip the index k = 1 for sim-

plicity. Thus, the covariance matrix (2) reduces to Rx = wwil

Thus, by noticing that Rx = WpeWH; = S8 wwl, the
problem (39) becomes:

. tr 0 - 0 the power constraint (3) becomes simply:
0 (AR (0r, ) A (0r, B0 Rx) | 5 N 1
e 0 0D feul? = F(XXY) = w(ww) = | < Py
, : =0 i=1 =1
lo tr (AE (QT7 QR)AR(GT, GR)RX)‘| - (43)
|h? wi|? STk and the SINR for the generic k-th user (5) reduce to the SNR of
Z%}C |thi|2 tol ” ks the single user:
IXMRP et “
K K Y= LO’2 - 0_2 . ( )
> (wiwl) <Pr, Rx=) wpwy . 1) ¢ ¢
k=1 b—1 Moreover, by using (2), (8), (10), (12), and (23), as well as the
circular property of the trace operator, (24) becomes:
Let us define Qx = hyh! and W), £ w;w}!. By using these 2
quantities in the SINR constraints and by dropping the rank Jor,00 = —2|a|2tr (b(ﬂR)éH(QT)WWHé(HT)bH(HR))
constraints on Wy, for all k, the problem can be relaxed into a IR
convex problem as follows: 2L .
= ~7|aNe[a" () w|* (45a)
R
min R ( g gR—R> 2L .
Wk 2L \tr it T = = ol ((0k)a" (Br)wwa(0r) " (6k) ) = 0

R

tr 0 (45b)
t. - - =0
Soloou (A¥(9T, Or) Ar(0r, 0r) Y4, Wk) - Jow.6r = Jor0, =0 (45¢)
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2L . .
Jon = 5 laftr (B(O)a" (Br) wwHa(01)b" (0r))
OR
2L .
= = |af*[[b(f)|]*|a" (6r)w|. (45d)
OR
As a consequence, (27) reduces to:
CRBy, (01, 0r) = o (46a)
oD IR T AL [P N aH (0r) w2
0_2
CRBy, (0r,0r) = R (46b)

2L [a?[B(6r)[[2[at (Br)w >

Note that, due to the orthogonality between a and &, and the
dependence of (46) on the projection of w onto them, the optimal
weight vector is necessarily a compromise between the reduction
of the two CRBs.

Finally, by using (45) in (35), the CRB of target position
estimation can be written as

grr

0.2
CRB =R
(@.y) 2L[af? (NR aH (1) w?

9RR
- . 4
+||b<9R>|2|aH<9T>w|2> “n

Omitting, for the sake of clarity, the dependence on the angles,
the CRB (47) can be further simplified to

gr IR

CRB(z,y) = 48
(z,9) laHw|?2  |aPw]? (48)
with
2
-~ an Or 91T

4 _Or_JIT 49
I3]0l Ny (492)

2
g & SR I (49b)

2LIaf? |[B(6g)|>

To optimize the beamforming at the Tx for JSC we need to solve
the following problem:

Wopt = argmin CRB(z, y)

st |hfw|? = ol
(50)

Note that the problem makes sense only if v < ||h||> Pr/o2. If
this condition is not met, there is insufficient power to satisfy the
communication SNR constraint, even if sensing is disregarded.
In such a case, the only viable option is to allocate the entire
amount of available power to the communication task. This
can be achieved by choosing w = %\/JTT, thereby obtaining

an actual SNR of ||h||? Pr/o2.

Remark: Although the problem setting may appear similar
to the monostatic case solved in [53], seeking the optimal
beamforming in the bistatic case is significantly more complex
due to a CRB composed of two terms (rather than just one)
involving two orthogonal vectors, a and &, in the optimization
problem. Therefore, the methodology to solve the problem is
entirely new and must be sought in a three-dimensional subspace
rather than a two-dimensional one, making this optimization not
straightforward. Moreover, the approach presented in [53] finds
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the optimal beamforming only for AoA estimation, whereas we
solve the more general problem for target position estimation.
In this section we develop a framework to obtain the analytical
expression for the optimal JSC beamforming weights defined by
the problem (50).
1) Optimal Weight Vector Evaluation: Let us start defining
the following subspace:®

8 £ Span{a, &, h} 31
having the orthonormal basis:
wt et e v (52)
&l l[all [Iv]]
where
veSs:vilu, =vilu, =0. (53)

Thus, because of the orthogonality between a and a, we can
write

(54a)
w|* = |w,*||al]* = Nr|ws|? (54b)

where by w; and w, we denote the components of w among u

and u,, respectively. By substituting (54) in (48), it results in:
gr gr

[a[*lwi > Nrfwa]?

CRB(z,y) = (55)
It is immediate from (55) that only the components of w among
a and a concur to the CRB. Besides, the SNR constraint (5)
depends only on the components of w among h. It follows from
the power constraint that any component of w among directions
not belonging to & would result in a waste of power that does
not impact the CRB nor the SNR constraint. Thus, the optimal
weight (50) has to belong to 8, i.e.,

Wopt = WUy + Wrla + w3ly. (56)
The problem (50) can be now restated as:
: gr JR
Wopt = arg min 57a
o = A8 I AP T NelwaP (572)
s.t. \wthué + wyhMu, + w3hHut|2 = 'yoé (57b)
|wi|?* + |wa|?* + |ws|* = Pr. (57¢)

By following the Lagrange’s multipliers method,” we write

v gt Jr
lall*lwi]* ~ Ny|w,|?

+ A (|wthu.;1 + wyhMu, + w3hHut\2 — 70(23)

+ g (Jwr > + [ws|* + [ws|* = Pr) | =0 (58)

SWe recall that the span of a set of vectors is defined as the set of all linear
combinations that can be formed from those vectors.

"Note that the CRB function (57a) to be minimized is convex (except on the
line w; = 0, wp = 0) and that the two constraints are represented by convex
functions in R3.
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9 0 0 0
where V[] £ (32 3an Bus B3 @) By setting to zero the
partial derivative with respect w, w,, w3, we obtain, after some

algebra:

PW = g A wl‘hHué‘z + w2(hHua)(hHué)*
Rl |
+ w3 (hMu)(hMua)*]  (59a)
pw, = ﬁwz — & [wi(hMug) (hMua)” + wo|h M u,?
+ws(hMu) (hMua)*]  (59b)
pws = — Aw; (hMag)(hHa)* — Aws (hHuy) (WM u,)*
— Jaws|[hMy? (59¢)
from which, we can re-write the last equation as
w
wi(hug) + wy (huy) + ws(hMy) = —m (60)
that, substituted in (59a), (59b), and (57b), provides
gr (hMug)*
B = 61
[ e R
IR (hHua)*
— = 62
Nﬂwz\“wl + pws (B, )" paw (62)
20,012
1w 2
b1 B ) 63
X2|hHut‘2 1oc 63)
Thus, (61) and (62) can be re-written as
gr (hHua)*}
—_— = wr —w 64
T aar = [~ v ©9
gr (hHua)*
— 65
S Ry ©
and, by equaling p in the two above equations, we get
Voo 1, _, (o)
gr (hHu,)*
Nr|w,|*w3 (hMu,)*
=— = — W3 66
i wy — w3 (0u,)* (66)

Lastly, by considering (66), the power constraint, and the SNR
constraint, we obtain the following system of three equations
with three unknowns:

- 112 4 N 4
(|a|~w1| _ D] )(hHut)* _
gr grR

&)1 fwy Prwfws

Nr|w, [Pwiw;

_ h"uy)* — — h"u,)*  (67a)
ir ( ) i ( )

\w]hHuz-i + wr,hMu, + wthut|2 = fyaé (67b)
jwi[* + [wa]* + |ws|* = Pr (67¢)

and from the first equation, we get

- 112 4N 4
W K||a||~|w1| _ Nl )ui‘}
gr Jr

4225
2112 2,k N 2,,,%
iy (WP Nl )
gr [
which leads to
(HéH;\Tw1|4 _ NTgfzﬁ) (hHut)*

llal[*|wy [*w]
b 1 (hHué)*

Nt |ws Pws :
gr - T‘wz‘wz(hHua)*

gr

Now, by observing (57), we note that the phases of wy, w,, and
ws play a role in the SNR expression only and not in the CRB
(57a). Thus, by using an argument similar to that adopted in [53],
we have to choose these phases such that

arg{w; } + arg{hHué} =arg{w,} + arg{hHua}

=arg{ws} + arg{hHul} =9

with arbitrary ¢. In other words, the phases of the addends in
(57b) given the power constraint (57¢), the sum will result in a
lower SNR. Thus, (69) and (67b) become

J|&]|?|w; |* Nr|w, [* H
(LoLlelt — Ml ) ity

NFIPNE
HaHg\Twl\ |hHUé‘ _

(70)

il = T "
IR a

jwi|[hMua] + [wa| WM ua] + [ws| b = /702
By using (69) in (67b) and (67¢) we get:

(72)

jwi][h"ua] + [w||h g

lal*[w[*  Nplw,|* H,, 2
e

2112 3
S0 g —

NT|~’LU2‘3 |hHu B
9rR a

(73a)
w1 2+ [wa
5112100 |4 4\ 2
2|12 3 3 2 - T
(Hal\g\Twl\ IhHuy)| — NT;';UZ‘ |hHua|)
(73b)
that can be re-arranged as:
(Hél\z\wl\“ NT\wz\4) |hHu|
gr IR
2124 3 2
Ha\lngwl\ |hHUé‘ _ Nrgéfz\ |hHua|
_ V/79¢ — [wi|[h™Mus| — [ws|[hM | (742)
- Py ‘
2
o (VAoE = wlintual = bt
[wi|* + [wa|” + [hFy, 2
= Pr. (74b)

The (74a) can be rewritten as:

.12 4N 4
<||a||~|w1| T;:ﬂ )Wudz

_ froalalllp |||

2112 4
|hHUé‘ - |a||ng1| |hHUé|2
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- BBIER Rt g o2 T
+ R g+ Y2 2 os)

that is
8120 e s

Nr|w, |*

9r
/ all?|wi|? / Nr|w, ?
_ ’)/O'(Z:H H~| 1| |hHU.é|— ’}/0'% T|~ 2| |hHua|
gr 9r

. (NﬂNsz _ 8Pl
gr gr

(0" ug + [huq )

) fon s .
(76)
As far as (74b), it can be rewritten as:
lwi [P Th a4 Jwo )W ? + 02 + [wi | |hHug?

+ w2 [0 ual® + 2fwi[ws| [ ug b

= 2\yo2lwn ([0 ua] + 2y/702 wal [ ua] + Prlbtu?

(77)

that is
ap |w1 |2 + az‘wz‘z —2b; |w1| — 2b2\w2| + 2b|w1 Hw2| = —C

where

a; 2 |hHut\2 + \hHué|2 (79a)

az 2 |hu? + |h"u, (79b)

by 2 \/v0% |hHuy| (79¢)

by 2 /02 |hHu,| (79d)

= u; u, e

2 h"uy||w" (79)

c 2 ok — Prjhu . (79f)

Thus, by solving the second order (78) with respect to |w,|, we
have:®

"LUZ‘ _ (bz B b"LU]D
a
L V(b2 = bun])’ — ax(arfwn P = 2bifun] + )
an '
(30)
Note that:

a%‘w2‘2 = 2(()2 — b|w1|)2 — az(a1|w1|2 — 261\w1| + C)

+ Z(bz — b|UJ1 |)

8The choice between the solutions with the sign plus and minus in (80) are
done a-posteriori according to the non-negativity constraint of both |w;| and
|ws|. If both the solutions are acceptable, we choose the one which minimize
the CRB.
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/(b2 = blwi])? — az(ar|wi|* — 201 |wi | + ¢)

(81a)
aylwa|* = (ba = blwn[)® £ 3(ba — blwi])?
-V (b2 = blwi])? — az(ar|wi 2 = 2by[wi | + )
+ 3(by — blw])
< [(b2 = blun])? = az(ar|wi|* = 2bs fun| + )]
& [(by — blwi])? — aa(aswn > — 26y jwi] + )]
= 4(by — blwy|)*
= 3(ba = blwiaz(arfwi [ = 2bi [wi] + ¢)
+ [4(by — blwy|)? — az(ar|wi|* — 2by|wi| + ¢)]
V(b2 = blwi])? — az(arwi 2 = 2bi[wi | + ¢)
(81b)
aj|w|* = [Z(bz — blwy|)? — aa(ay|wi|* — 26y Jwy| + c)]2

— 4(12(b2 — b\w1|)2(a1\w1|2 — 2b1|w1| + C)
+ 4(by — blwi|)* & 4(by — blwy|)
. [Z(bz — b\w]|)2 — (12(0,1|UJ1|2 — 2by|wy | + c)]

-/ (ba = blwi])? — az(ar|wi 2 = 2bi[wi| +c) .

(81c)
Exploiting (79) in (76) we obtain:

2112 4 N 4 2112 3 N 3
8Pl Neluol AP Vel
ar gr ar IR

Nr|wa|? al|?|w, |2
_|_< T,|, 2| _ || ||~| 1| )|w[|w2|b (82)
9rR T
that is

APl e AP
grNt gr Nt

§R|Ié||2w12>
+ | |wa 2 = | |wq||wy]b.
(I | oy ) il

by + |wz|4 an

(83)

Finally, by using (80) and (81) in (82) we get the implicit
(84), shown at the bottom of the next page, that can be solved
numerically for |w|, which leads to |w| via (80), and |ws]
via (67c).” Then, the optimal beamforming weights can be
computed according to (70) and (56).

2) CRB Expression With Optimal JSC Weights: Here, we use
the three components of the optimal weight vector w, obtained
in the previous subsection to get the expression of the JSC
trade-off. To this aim, we have to express both the CRB and the
communication SNR as functions of w;, w,, and ws. For each
instantiation of the communication channel h, the JSC tradeoff
can be expressed, thanks to (49), by the following equations

grr(fr, Or)

0.2
CRB = R
() 2L|af? (NR||é<9T)”2|wl 2

Only solutions leading to non-negative |wy|, |wa|, and |ws| are acceptable.



ZABINI AND GIORGETTI: SENSING AND COMMUNICATION OPTIMAL TRADE-OFF

01,0
gR.R( T, R) ) (85a)
Nr|[b(Or) [ |w2|?
hH hH . hH 2
_ Jwih"ua 4w, Zua-+103 uy (85b)

oc

where all the other quantities can be expressed as functions
of the Cartesian coordinates (instead of the angles) through
the transformation 2. Note that the phases of the weights are
irrelevant for the JSC trade-off problem. Note also that the
orthonormalization leads to:

u, = yoh — uju, — usuy (36)
where
R 1
up 2 (872)
7 = (hFu)u, — (hFug)ug|
hHu
2 a 87b
U R W, - g
hMu,
L a ) 87
B T v Y
Thus, the SNR constraint can be re-written as
_ wiug||h[]? + (w; — wiu;)hMug + (wy — wiuy)hHua,
g
(88)

Thanks to (86) and (88), we are now able to express the JSC
trade-off by means of known quantities.

D. Suboptimal Methods

The framework developed so far enables the derivation of
optimal beamforming weights, taking into account power con-
straints and communication SNR. To circumvent the need to
solve an implicit equation, we propose two suboptimal solutions
that are highly effective and computationally efficient.

1) Suboptimal Method I: Let us indicate as ngz the weight
vector maximizing |a"w| under the SNR and the power con-
straint. In [53] it is shown that, given the SNR constraint v = I,

it results

if PT > INiog

\/PT ﬁa

ThTap
2 . I'Nr o2
Wt = utmay, i Fi < Pr < TESE (89)
v Pru, if Pr <

HhH2

4227
whereu 2 B g & a-(uaju .4
[Iff> = [a—(uta)ul
2 H 2 H
UCI‘ u"a ocl' a,"a
- S N . N )
A TN e e

If we now replace a by &, we can prove, in a way that is formally
identical to that adopted in the previous subsection, that the
weight vector w(p) maximizing |a"w| under the SNR and the

power constraint results in

V PT ﬁ?
1 .
Wépz = y1u + ypay,

V PT u,

. T' Ny o2
lfPT> lec

£ < P T <
if Pr <

FNT oé
hTaf?

oD

a—(ula)u

= Ta(arajay 2nd

where &, =

2 H.
ocl' ua

He
= — a
I[P Tua]

0%1" uta
b [ufal

Based on the CRB expression (48), we can consider the fol-
lowing cases, where the first two are “asymptotically optimal”
solutions: )

® When gr < gr, the CRB is dominated by the term ﬁi&\z

and thus wop — w((,ﬁz .

e When gr > gr, the CRB is dominated by the term ‘657;"2

and thus wop — w((,;z

® When gr =~ gr the two addendum in (48) have the same
relevance and we can consider wp ~ w(();z + (()12)2
2) Suboptimal Method 2: Now we present a sub-optimal
method that is suitable for the whole range of possible target

positions. Let us denote as W(()p)t the weight vector which mini-

mizes the CRB under the power constraint and regardless of the
communication SNR. In Appendix A we have proven that such
vector can be expressed as

s) [ grPr gr Pr
Wop[ - ~ ~—Ua + ~ = Ua.
gr + gr Jgr + gr

Let us denote with W( ) the weight vector which maximizes
the communication SNR under the power constraint regardless
of the CRB, i.e., no guarantee for sensing performance. It is

Y1 = 92)

93)

grllal*wi a3 (
grNt

+ by [4(by — blwi])? — aa(as]w;
= [2(by = blwn|)* = aaz(arun |* —

£ 4(by — blwy|) [2(by — blwi|)* — ax(as jwi |

w1 |CL1 — b]) + b2 [4(b2 — b|w1 |)3 — 3(b2 — b|w1 \)az(al |UJ] ‘2 - 2b1 |wl| + C)}

—2bi|wi| + ¢)] /(b2 — blwi])? — az(ar|wi 2
261wy | + ¢)] — 4as(bs — blw |)* (s |wn]? —

— 2b|wi| + ¢)] /(b2 — blw])* — az(ar|wi 2

2(b2 — b|w1 ‘)2 — az(a1|w1|2 — 2b1|w1| + C) + 2(b2 - b\wl D\/(bz - b|w1 |)2 — az(a1|w1|2 -

—2bi|wi| +¢)

2b1 |w1\ + C) + 4(62 — b|w1 ‘)4

72b1|w1| +C)

2by|wy| + ¢)

el el
grNt

]b|w1| {(bz — bl [) £ /(b — blwi )2 — az(ar|wi > — 2b;[wi| + c)

(84)
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TABLE I
BISTATIC JSC SYSTEM PARAMETERS

Np =16, {12, 20, 24}
N =20, {15, 25, 30}

Number of Tx antennas
Number of Rx antennas

Pr=1W Tx power
|| = 0.0015 Reflection coefficient
L =30 Number of Tx symbols

01 = {n/3, m/6}
Or = {r/3, 7/6}
h; with i = 1,2, ... Nt

Angle of departure
Angle of arrival
Tx-UE channel coefficients

hi ~CN(0,1) for Rayleigh fading

hi ~CN(1,1) for Rice fading

02, = 0dBm Noise power at the UE Rx (comm.)
og = 0dBm Noise power at the bistatic Rx (sensing)

immediate that

©_ /p b 94
ot =V ] oY

Now, by defining the suboptimal beamforming vector
Woat 2 (1 — 1) wi) + v wi) (95)

we can set a trade-off between sensing and communication by
varying the parameter v € [0, 1].

Remark: In terms of complexity comparison, we note that
the optimal solution involves solving the implicit (84),'° while
the suboptimal ones only require the direct computation of two
vectors (i.e., (91) and (89) for the Suboptimal Method 1, (94)
and (93) for the Suboptimal Method 2) which have the same
complexity as the optimal solution for the monostatic case [53].

V. NUMERICAL RESULTS

This section presents the numerical results derived from the
developed analytical framework.

The parameters defining such a scenario are summarized in
Table I.'" To generalize the results, both the spatial coordinates
and the root CRB are normalized relative to the baseline [,
which does not require explicit specification here. The target
localization error is computed based on the normalized version
of (47) relative to the squared baseline /2. This is followed by a
square root operation, hereafter referred to as the normalized root
CRB. This bound is subsequently averaged over 10* realizations
of the channel vector h, characterized by i.i.d. complex Gaussian
random entries with unit variance, and mean zero (Rayleigh fad-
ing) or one (Rice fading with Rice factor 1). It should be specified
that the optimization algorithms (both optimal and suboptimal)
are computed based on each specific channel realization, and
only afterward are the resulting CRB values averaged over the
various realizations.

A. JSC Optimal Trade-Off

In this subsection, we analyze the JSC trade-off in terms of
localization CRB versus communication SNR, with a target at
3 different positions such that: a) fg = 7/3, 6t = 7/6 b) Or =
9]" :7r/3,andc)9R :7'(/6,0'1‘ :7T/3

10(84) is efficiently solvable numerically using standard root-finding methods
and poses no practical computational burden on modern processors.

nstead of calculating o as a function of distance, according to (6), we
preferred to use a value consistent with [9] for comparison purposes.
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1) JSC Optimal Trade-Off in NLoS Single User Scenario:
In Fig. 3, we illustrate the normalized root CRB as a function
of the required communication SNR +, considering w = wop
in a NLoS scenario (Rayleigh communication channel model).
Here, wop denotes the optimal solution, analytically derived
using equations (56), (67¢), (80), and (82). For a comprehensive
comparative analysis, we also present results for the case w =
Wb, defined by

Ci__ (1)

e
Wgub = 7Wopt +
Co

o Vo (96)

where wg,, s the weight vector computed using the suboptimal

method 1, as detailed in Sec. IV-D1, i.e., wf,l')ﬁ and w(()éz are
defined by (91) and (89), respectively. Note that ¢ is a normal-
ization constant such that ||w||> = Pr and different values of
¢, and ¢, are under consideration. First, it has to be noticed that,
according to (5), the actual communication SNR attained by the
choice W = wyyp, result in [|hwyy||?/o2 that, in general, is
different than I'. It is evident that, through a discerning selection
of ¢; and ¢, (as discussed in Sec. IV-D1), the suboptimal method
1 closely approximates the performance of the optimal method in
the various scenarios of target position. More specifically, in the
scenario of Fig. 3(a) (fr = /3, Ot = 7/6) the target position is
such that gr > gr (please refer to Fig. 2). Thus itis not surprising
that the suboptimal method 1 with ¢; > ¢; is the choice that best
approximates the optimal method. In the scenario of Fig. 3(b)
(6r = Oy = w/3), instead, the target is in a position where
(always according with Fig. 2) gr = gr. As a consequence,
the suboptimal method 1 with ¢; = ¢, is the choice that best
approximate the optimal method. Finally, in Fig. 3(c) (g = 7/6,
Or = m/3) the target position is such that gr < gr. Thus the sub-
optimal method 1 with the choice ¢; < ¢; is the best approxima-
tion. In all these cases, we note that the proposed analytical opti-
mal solution is available only in a certain range of required com-
munication SNR I'. Within such arange, the communication per-
formance can improve with a negligible degradation of the CRB.
If higher values of 7y are required, the suboptimal method 1 can be
adopted with a proper choice of ¢, ¢, as previously discussed.

When comparing the suboptimal and optimal cases in the fig-
ures, the line representing the root CRB for the optimal solution
may vanish beyond a certain SNR value. This occurs because
the SNR constraint becomes excessively stringent, making it
infeasible to minimize the CRB further.

2) JSC Optimal Trade-Off in LoS Single User Scenario: In
Fig. 4, the normalized root CRB is still depicted as a function
of the required communication SNR +, considering w = Wy,
but a LoS scenario (Rice communication channel model, with
a Rice factor equal to 1) is considered instead of a NLoS as in
Fig. 3. The same considerations made previously can be applied
to cases a), b), and c¢). Furthermore, by comparing Fig. 4 to
Fig. 3 it can be observed that in all considered cases, the LoS
situation implies a significantly smaller increase in localization
error for the same required SNR. For example, in the NLoS case,
the curves corresponding to the suboptimal method exhibit an
almost exponential increase in the CRB beyond a certain value of
the required SNR, whereas in the LoS case, even the suboptimal
cases show a relatively flat trend similar to that of the optimal
case. This is in line with intuition: in the case of less severe
attenuation of the communication channel, the beamforming
orientation required for localization nonetheless attenuates the
communication SNR to a lesser extent.
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Or = O = w/3 and (c) Or = 7/6, Or = 7 /3. The effect of increasing the number of antennas.

The effect of the number of antennas: In Fig. 5, we observe
the effect of increasing the number of antennas both at the
transmitter and the receiver while keeping their ratio fixed (in
this case, 4 : 5). The cases considered correspond to a number of
transmitting and receiving antennas of (12,15), (16,20), (20,25),
and (24,30), respectively. As expected, for a fixed communi-
cation SNR requirement, the CRB on the localization error
decreases as the number of antennas increases. This confirms
that system performance scales with the number of antennas.
Increasing Nt and/or Ny leads to larger matrix sizes, which
can increase computation time—especially in the multiuser case
involving SDP. However, due to the convexity of the problem,
efficient solvers remain practical even for larger dimensions. In
the single-user case, the complexity increase is minimal, as the
main step reduces to solving a scalar equation.

3) JSC Optimal Trade-Off in LoS Multi User Scenario: In
this subsection, we present the results for the multi-user case.

Fig. 6 shows the trade-off between the normalized root CRB
and the minimum SINR required for each user (assumed to be
the same for all K users). For a fair comparison, we consider a
Rayleigh channel as in the single-user NLoS scenario of Fig. 3.
Cases a), b), and c) refer to the same target positions defined in
the corresponding cases considered for the single-user scenario.
By comparing Fig. 3(a) to 6(a), 3(b) to 6(b), and 3(c) to 6(c),
we can observe that, for K = 1, the SDP method obviously
provides the same results as the analytical optimization. Indeed,
the normalized root CRB values are slightly above 0.02in case a),
around 0.0251in case b), and between 0.02 and 0.025 in case ¢), re-
maining nearly constant up to SNR values of about 32-33 dB (as
was also the case with the analytical optimization in Fig. 3). Note
that for K’ = 1 the SINR clearly reduces to the SNR. For K’ = 2,
4, and 8, we observe that, for the same communication SINR
required for each user, the minimum achievable normalized root
CRB increases progressively due to the growing number of
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vector (95) with v = 0.5 and (c) sensing optimal weight vector (93). NLoS scenario (Rayleigh channel).

constraints imposed on the optimization. For example, requiring
an SINR of 30 dB with two users does not significantly increase
the minimum achievable normalized root CRB (compared to
the case where an SINR of 30dB required for a single user);
however, with K = 4 the increase becomes clearly noticeable,
and with K’ = 8 the problem becomes infeasible (for such SINR
levels required for all users).

4) JSC Optimal Trade-Off in NLoS Multi User Scenario: In
Fig. 7, the normalized root CRB is still depicted as a func-
tion of the required communication SINR for each user, but
a LoS scenario (Rice communication channel model, with a
Rice factor equal to 1) is considered instead of a NLoS as in
Fig. 3. If we compare Fig. 7 with Fig. 4 (related to the NLoS
case with a single user), we can still recognize the validity of
the considerations made in the previous subsection regarding
the impact of requiring a minimum SINR for an increasing

number of users on the minimum achievable normalized root
CRB. These considerations hold for all the target positions a),
b), and c). Furthermore, by comparing Fig. 7 to Fig. 6 it can be
observed that in all considered cases, the LoS situation implies
a significantly smaller increase in localization error for the same
required SINR (exactly as could be observed by comparing the
NLoS scenario with the LoS scenario in the single-user case).
These results are consistent with what was reasonably expected
and strengthen the idea of the robustness of the optimization
models used in both the single-user and multi-user cases.

B. CRB as a Function of the Target Position

We now analyze the JSC trade-off of the MIMO bistatic con-
figuration for different target locations when the beamforming
vector is optimized:
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i) for communication purposes only;
ii) for sensing purposes only;
iii) by balancing communication and sensing according to
suboptimal method 2.
In Fig. 8(a), the normalized root CRB as a function of the
target position (x, y) is plotted with a weight vector choice that is
optimal for communication purposes (w = v/Pr “—EH), referred

to as case a). We can note that the target positions for which
the CRB on localization error is acceptable (below 1072, ie,
—20 dB) do not include large portions of the area, e.g., all
positions with z € [-0.21, 0.2 1] or y < 0.6 1. In Fig. 8(b), the
normalized CRB as a function of the target position (z,y) is
plotted, instead, with a JSC “balanced” weight vector choice
based on the suboptimal method 2 described in Sec. IV-D2 (w
as in (95) with » = 0.5 that takes both sensing and communi-
cation functionalities into account. This is referred to as case
b). As expected, the portion of the space for which the target
localization normalized CRB is under 1072 (i.e., —20dB) has
an intermediate area between the cases of Figs. 8(a) (optimal
for communication) and 8(c) (optimal for sensing). Finally, in
Fig. 8(c), the normalized CRB as a function of the target position
(z,y) is plotted, with a weight vector choice that is optimal for

sensing (w = \/ ;: 1%1 u; + \/ ;:TJF—%‘; U, ), referred to as case c).
In this case, the region where the CRB on localization error
is acceptable covers almost the entire area, except for a zone
near the baseline and an approximately triangular section with
vertices at (0,0), (—0.21, —1), and (0.21, —!). In Figs. 9(a), 9(b),
and 9(c) the same three situations as in the previous cases a),
b), and c) are represented, with the only difference being that
now the communication channel vector h follows a Rice model
instead of a Rayleigh one, with Rice factor equal to 1. The same
considerations as before apply, with the additional note that,
with respect Fig. 3, the normalized CRB values are pointwise
different in cases a) and b) (where the weight vector also depends
on the coefficient h of the communication channel) and identical
in case ¢) (where the weight vector does not depend on h).

VI. CONCLUSION

In this work, we investigated the fundamental limits of a
bistatic JSC MIMO system in terms of the CRB for position
estimation and its dependency on the beamforming vector at
the transmitter. The problem of minimizing the CRB under
power and communication SNR constraints was analytically
solved in the case of single user, and an exact solution for the

optimal weight vector was derived. Additionally, two suboptimal
methods were proposed, demonstrating performance close to
the optimal solution across a wide range of practical scenar-
ios. The exact and suboptimal methods were validated through
simulations, highlighting their effectiveness in addressing the
trade-off between sensing and communication functionalities in
bistatic systems. Moreover, in the numerical results, different
numbers of transmit and receive antennas have been included to
illustrate the performance scalability of the proposed solution
when increasing array sizes. Finally, a SDP-based solution is
provided for the optimal beamforming vector, which minimizes
the CRB under power and communication SINR constraints in
the presence of multiple users. These findings enable a precise
characterization of the trade-off between communication and
sensing in multi-antenna bistatic configurations, represented
as the minimum achievable CRB on target localization error
for a given communication SNR (in the single user case) and
SINR (in the multiuser case), or vice versa. This trade-off is
further influenced by key system parameters, including target
position, antenna geometry, power constraints, and channel char-
acteristics. Moreover, the proposed approach can be leveraged
to generate localization error maps, providing predictions of
localization performance based on the target’s position. This
capability offers a valuable tool for network designers, enabling
informed planning and optimization of bistatic JSC systems.

APPENDIX

If we do not have any constraint on the communication SNR,
we can consider A = 0 in (59), thus obtaining:

-

|w1|2 = T gt (97a)
lall'y x

jwal? = 4/ % (97b)

w3 =0. 97¢)

The multiplier ; can be derived by observing that (57c) with
w3 = 0 leads to |w;|> + |wa2|*> = Pr. By substituting such a

T
&l + Nt

condition in (97) we readily obtain /i1 = yan and thus
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the solution:

wfr= 0 (98a)

A2 ‘
~/

lwa|? = gTiiRg;{PT (98b)

wy; = 0. (98¢)

where we defined ;. £ / Hgﬁ and G = / 2,—‘;. We can observe
that such a solution does not depend on the weights’ phases. The
CRB in (85) results in

(70)* | (@R)* _ (gr + gr)
CRB(z,y) = e + WAL — o
2
_ oR grr(0r, O0r) grr (01, OR)
2L[a*Pr \ || Nrlla(6r)[ Nr[|b(6R)|?
99)
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