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Abstract—Previous works have investigated fundamental
trade-offs in bistatic integrated sensing and communication
(ISAC) systems, where the trade-offs are due to sharing the
transmit resources between the sensing and communication
signals. Interestingly, the ISAC trade-offs due to using an
integrated multi-antenna receiver — where the communication
and sensing signals cause interference to one another — are
seldom studied. In this paper we study three bistatic ISAC
structures, in which either the transmitter and/or the receiver
serve as ISAC entities and study the transmit and receiver-
side trade-offs and the achievable sensing and communi-
cation performance. In the fully integrated scenario, both
the transmitters of the sensing and communication signals
and the receiver of the two signals are integrated, which
serves as a benchmark for the cases in which either the
transmitters or the receivers of the sensing and communication
signals are separated. Specifically, we derive the classical
and the Bayesian Cramér-Rao bounds, which indicate that
relaxing the transmitter and/or receiver-side trade-offs benefits
both the sensing and communications performance at the
expense of using more hardware, antenna, and transmit power
resources. These analytical and numerical results can serve
as a foundation for designing the architecture for bistatic
ISAC networks. Based on these insights, we discuss some open
questions that require further research.

Index terms— angle of arrival estimation, Cramér-Rao

bound, integrated sensing and communication.

I. INTRODUCTION

Bistatic integrated sensing and communication (ISAC)
has been proposed as the key enabler of perceptive cellular
networks due to its ability to provide sensing services
without full-duplex self-interference cancellation capabil-
ities [1]-[5]. Specifically, the recent paper by Xiong et
al. [3] considered the scenario in which the transmitting
node (which is a multi-antenna base station (BS)) "splits"
its transmit signal into communication and sensing signals
(using a suitable multibeam or multilobe technique, see also
[1], [4] and [6]), which are then processed by physically
separate communication and sensing receiver nodes. In that
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model, consequently, the trade-off between communication
and sensing is due to the limited power and antenna
resources at the transmitter node. Note that in this scenario,
there is no interference between the communication and
sensing signals.

In contrast, in our previous paper [5], we investigated a
bistatic ISAC system, in which both the transmitter node
(a user equipment (UE) device) and the receiver (a multi-
antenna BS) operate as a communication and sensing node.
This arrangement is illustrated in Figure 1(a), which is
characterized by a sum-power constraint at the UE and the
communication and sensing signals causing interference to
one another at the receiving BS. In that model, the ISAC
trade-off is due to both the limited power resources at the
transmitter and the limited antenna (spatial) resources at the
receiver.

It is interesting to note that reference [3] assumes that the
communication symbol is available at the sensing receiver,
while the ISAC receiver studied in [5] estimates the com-
munication symbol and the angle of arrival (AoA) from a
passive object simultaneously. A variant of this scenario is
when the transmitter node is a UE and the receiver nodes
are BSs, as illustrated in Figure 1(b).

A third meaningful ISAC scenario is illustrated in Figure
I(c), in which the communication and sensing transmitter
nodes are separated, but the receiving node (here, a multi-
antenna BS) processes the received communication and
sensing signals simultaneously. Note that in this case,
the transmit-side power constraint can be relaxed since
the two transmitters may set their respective power levels
independently of each other. Here, an interesting case arises
when the communication and sensing UE devices cooperate
and do not necessarily transmit with full power in order to
achieve some desired performance target at the ISAC BS.

Focusing on Scenario 2 (single ISAC transmitter), note
that the paper [3] does not distinguish pilot and data signals
for communications, whereas [5] explicitly distinguishes
the pilot (channel state information at the receiver (CSIR)
acquisition) and data transmission phases, where a sensing
signal is transmitted in parallel with both the pilot and data
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Figure 1: Integrated sensing and communication scenarios. The
"fully integrated" scenario, in which both the transmitter and re-
ceiver nodes simultaneously transmit/receive communication and
sensing signals, was investigated in our previous paper.

signals. In this paper, we study the three scenarios shown
in Figure 1, and compare their performance in terms of
the Cramér-Rao Bounds (CRBs) associated with AoA and
symbol estimation, assuming unitary normalized constant
envelope signaling. We ask the question whether separating
the ISAC receiver or transmitter to two physical entities
yields gains in terms of lower symbol estimation error at
the communication receiver and improved AoA estimation
at the sensing BS(s) compared with the performance of
the fully integrated scenario 1(a) studied in [5], and what
factors influence these performance gains. This question is
motivated by the observation that separating the commu-
nication and sensing receivers requires more infrastructure
resources, and it incurs some signaling and synchronization
overhead to associate two BSs with the UE. On the other
hand, it is intuitively clear that separating the receivers helps
eliminate the interference between the communication and
sensing signals, and we therefore study the beneficial effect
in terms of lowering the CRBs.

Table I: System Parameters

Notation [ Meaning

N, Number of receive antennas at
the base station

Py, Py, Ps Transmit power of pilot, data
and sensing signals respectively

P Number of objects (targets)

pecCP Sensing signals from the P ob-
jects (referred to as sources in
[7, Chapter 12])

Op Angle of arrival of object p, p =
1...P

D c CcPxFP Diagonal sensing matrix

a(bp) £ | Steering vector associated with

0p, j = 0..N, — 1, where ¢

et Fatsnen 1" ¢ onr .
denotes the antenna spacing.

AB) & [a(@l) . a(HP)] € | Steering matrix [7]

CN rXP

s Transmitted uplink pilot symbol

T Transmitted uplink data symbol

h e CNr Complex (effective) channel be-
tween UE-BS

a, Qg Path loss between UE-BS and

UE-object-BS (incl. radar cross-
section of object)

Additive white Gaussian noise at
the receiver (BS) when receiving
the pilot and data signals

np, ng € CNr

C c CNrxNr Stationary covariance matrix of

the fast fading channel

II. SYSTEM MODEL
A. Joint Receiver — Scenarios 1 and 3

The case when both the transmitter and receiver nodes
are ISAC nodes — i.e., the transmitter can simultaneously
transmit, while the receiver can simultaneously receive
communication and sensing signals — was analyzed in our
previous paper [5]. Specifically, we considered a single-user
multiple input multiple output (SU-MIMO) bistatic ISAC
system, in which the UE device transmits both sensing and
communication (i.e., pilot or data) signals [1], [8], [9], see
Figure 1(a). In general, there are P objects that reflect the
sensing signals, which are collected by the P-dimensional p
sensing vector. Following [7], we consider two models for
the sensing vector. The deterministic model assumes that
the source waveforms are non-random, while the stochastic
model assumes that the waveforms are zero-mean Gaussian
with covariance matrix €2.

For the data transmission, we assume constant envelope
unitary normalized signaling, that is z is uniformly dis-
tributed over the complex unit circle, x = e'?. where ¢ is
a random variable with support [—, +] [10], [11], [12].

The parameters characterizing this system are summa-
rized in Table I. Under these assumptions, the received
uplink spatially multiplexed sensing and communication
signals are modeled as follows:

¥y = A(0)Dp + a\/P,Hws* +n, € C"",
ya = A(0)Dp + ay/PsHwz +ng € €V, (1)



where p contains the sensing signal; the communication is
based on pilot signal s* and data signal z; H € CN-*N¢ jg
the communication channel matrix between the UE device
equipped with NV; transmit antennas and the serving BS
equipped with N, receive antennas; w € C™ is the
transmit precoder at the UE; o denotes the path loss, and
P, and P; denote the transmit power of the pilot and data
signals respectively. In this paper, we assume that the UE
operates single beamforming (see [10]) — in cellular systems
also referred to as Rank-1 transmission [13], [14] — that is
the UE transmits a single communication symbol z. While
the multi-antenna UE transmits a single communication
symbol z, it utilizes the multilobe technology to sweep
a sensing sub-beam and illuminate targets of interest with
controllable power, as proposed in, for example, [1], [15].
For ease of presentation, we will use h £ Hw € CVr to
denote the uplink effective channel and re-write the received
signal model as:

yp = A(0)Dp + a\/ﬁphs* +n, € chr,

ya= A(0)Dp + a\/Pshz +ny € CNr, )

where the diagonal sensing matrix, which collects the
sensing path loss «,; and sensing power P,; for each
object, is defined as

as,“/PS}l 0

D2 : : eR”*”, (3)

0 Oés’p\/P&p

and A(0) € CN-*F is the steering matrix (see also Table
I), and the effective communication channel follows the
complex normal distribution h ~ CA/(0, C).

Note that this signal model is an extension of the radar
signal models used in [4], [7], [9], [16] by explicitly
distinguishing the received pilot and data signals (y, and
va).- We will assume that the UE is equipped with mul-
tiple transmit antennas that enable it to divide its total
transmit power between the communication (i.e., pilot and
data) signals and the sensing signal, such that their sum
Pror < max(P,, P;) + Ps remains under a power budget
dictated by physical limitations and regulatory constraints
[17].

B. Joint Transmitter with Separated Communication Re-
ceiver and Sensing Receiver — Scenario 2

In this scenario, the received signals at the communica-
tion and sensing BSs, respectively, can be written as:

yp = ay/P,Hws* +n, € C",

Y4 = a\/EHWJ; +ny € CNr, 4)
where n, ~ CN'(0,021y,) and ng ~ CN'(0,031y, ), and
ys, = A(@)Dp +n,, € C,

Ys, = A(0)Dp +n,, €C", &)

where n,,,n,, ~ CN(0,0%Iy,). In this case, Y s

ya
zero mean multivariate complex normal distributed with

covariance matrix

H
Ya Yd

B <a2PpC +o02ly, o, /PdeCe_w) ©)

~

a?\/P,PiCe* a?P,C + 021y,

Similarly, the vector of the received sensing signals is
multivariate complex normally distributed with the fol-
lowing mean and variance. In the case of deterministic
transmitted sensing signal, p:

O\ A(8)D
o) 26 (Yo )|o| = (2OPP) )
ys2)| | \A(0)Dp
and
& 21 0
wi@)2m | (Y ) () Jo| = (0 0.
y52 YSQ 0 O—EINT

(®)

where ¥y £ W,(0) is independent of 6. In the case of
using a stochastic zero mean transmitted sensing signal, we
have that p,(6) = 0 and the covariance matrix is

w,(0) 2 (M (0) + 021y, M (6) >

M (0) M (8) + o21x,
_ (a@)D)_ (A@®)D)"
= (A(G) D) @ (A(e) D) +osbn, O

where M (8) = A(8) DQD" A”(0) and Q = E[pp”].

C. Fisher Matrix for Deterministic Sensing Signals

Recall that the CRB matrix is defined as the inverse of
the Fisher information matrix (FIM) [18], and we therefore
proceed with establishing the FIMs associated with ¢ and
@ in the scenarios of interest. In the case of Scenario 1
and Scenario 3, the FIM is computed based on (2) and is
provided in [5]. In this and the next subsection we focus
on the separated receiver scenario (Scenario 2), which is
characterized by (4) and (5) and to simplify the discussion
we assume P = 1 target to sense and consequently, 8 = 61,
A(60) = a(f;). In Scenario 2 the FIM is defined as

82
I(¢p) = _EW log fy,.ya(0,v), (10)
62
1.(61) = —E@ 10g fy., v, (u,v), (11)
1
where fy, y,(u,v) and fy . (u,v) stands for the den-
sity function of y. 2 YP) and §, 2 (Y] with
Yad Yso

deterministic sensing signal. According to [5, eq. (13)] and
(5. q. (15)]

I(¢) =tr ((88;‘1/1 (¢>>) 4 (¢)> , (12)



since the W (¢) matrix in (6) is the same as in [5, eq.
(7)]. Note that this implies that the Fisher information with
respect to ¢ and 6; is equal in Scenario 1 and Scenario 2
(see also [5, egs. (6), (13) and (15)]).

D. Fisher Matrix for Stochastic Sensing Signals

First, note that in the case of stochastic sensing signals,
the Fisher information for ¢, I(¢), is the same as in the
deterministic sensing signal case, since (4) does not depend
on the sensing signal.

For I,(0;) (defined similar to I;(6;) but with stochastic
sensing signal with 1,(61) = 0 and ¥, (6;)), we need to
determine the logarithm of the density function of ¥, with
the stochastic sensing signal

10g fy., s (u,v) = — log m*N" det W, (6,)

H
- <‘v‘) @ (0) (:) . (14)

B)a(Es)
> ) e

61)a(6)) DR),
15)

where

det ¥ (91) = det (

vanishes at the derivation according to 6, since

a(0;)a(6,) = N,. Furthermore:
-1
~1 | (a(6)D) . (a(@)D\"
(2(00)) = (a(@l)D>Q<a(91)D> *oulan,
U v
W = (v, - a0)BT 004" 01),  (6)

where B(6;) = (2702 +2 D¥a (;)a(f;) D) is not
a function of 6, (smce al(0,)a(0,) = N,), p(0) =

61) D
<a§91; , and identity (a) is due to the Woodbury matrix
1

identity. Using that Q@ = Q, 8 = 91, D=D=oqa,1v/FPs1

are scalars, we get B(01) = B = % + 2N, - D?. Finally,

utilizing
E[z"Az] = E [t(z"Az)| = E {tr (AZZHH =tr (ACOV(Z)),
with
u 82
z = <v> and A = W L), 17
we get

L(0)) =t ((;;% (qls(el))—l) -@5(61)) s

Table II: Setting of the System Parameters

l Parameter Value

Ny 4

C =cly,,withc=1 Covariance matrix of the effec-
tive channel h = Hw.

Py, Py, Ps Total power budget in Scenario
1 and 2: P, + Ps = 250 mW;
Py + Ps = 250 mW.

P 1 (single object)

pecCrt p = 1land p ~ CN(0,Q),
where €2 = 1 (scalar).

Op Angle of arrival of object p, p =
1...P
s=1

z z = e'%, where ¢ € [, 7]

o, os 60 dB ("low path loss, (PL)") or
80 dB ("high path loss, (PL)")

-1
where the second derivative of (\Ils (91)) can be com-
puted from (16).

III. NUMERICAL RESULTS

In this section, we study the performance of the bistatic
ISAC systems illustrated in Figure 1 in terms of the CRBs
associated with the estimates of the symbol phase ¢ and
AoA 6. We restrict our attention to the single object
(P = 1) case and evaluate the performance assuming de-
terministic and stochastic sensing signals. The main system
parameters are summarized in Table II. We note that the
power budget constraint of scenario 1 and 2 is not applicable
in scenario 3, which inhibits a fair comparison with scenario
1 and 2.

Log,o(CRB)

P1 [mW]

Figure 2: Comparing the achievable performance in Scenario 1
(S1) and Scenario 2 (S2) in terms of the CRBs for symbol ¢ and
for AoA 6; in the deterministic and stochastic sensing waveform
case with P, £ P, = P; and P; = 250mW — P;. As the
communication power increases, the CRB for ¢ decreases, while
the CRB for 6 increases due to the overall power budget in both
scenarios.

Figure 2 compares the performance of Scenario 1 and
Scenario 2. In both scenarios, the sum power budget during
the pilot and data power slots must be maintained (see Table
IT). Therefore, the CRB associated with symbol estimation
(¢) decreases as we increase P, = P, = Py, while the
CRBs associated with AoA (#1) increase. Also, separating



the communication and sensing receivers in Scenario 2
helps to decrease the CRBs associated with ;. As it was
noted at the end of Subsection II-C, and at the beginning of
Subsection II-D, the CRBs associated with ¢ are the same
in Scenarios 1 and 2 when using the deterministic sensing
waveform and in Scenario 2 with the stochastic waveform.

0.0
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-2.0

Logo(CRB)

-2.5

-3.0

0 50 100 150 200 250
P1=Ps=P,=P4 [mW]

Figure 3: Achievable performance in Scenario 3 in terms of the

CRBs for symbol ¢ and for AoA 6; in the deterministic and

stochastic sensing waveform case with P; £ p = » = Pa.

That is, in this scenario, P,, Py, and P; can be set independently

from one another; here, we assume that they are set equally.

Figure 3 examines the performance in Scenario 3, in
which the communication and sensing transmitters are
separate UE devices. Therefore, in this scenario — unlike in
Scenarios 1 and 2 — the communication (pilot and data) and
sensing power levels can be set independently. In Figure 3,
the communication and sensing power levels are set equally
(indicated in the abscissa). Therefore, in this scenario,
increasing P, = P; results in decreasing all CRBs. As
expected, the CRB is lower when using the deterministic
waveform than that associated with the random waveform.
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Figure 4: CRB for estimating 6; as a function of the true AoA
(61) in Scenario 1 and Scenario 2 using the deterministic and
stochastic waveforms with P, = P, = Py = 125 mW. The AoA
estimation error can be significantly lower in Scenario 2 than in
Scenario 1 due to avoiding the interference between the sensing
and communication signals.

Figure 4 shows the CRB for estimating 6; as a function
of the true AoA in Scenarios 1 and 2. In both scenarios,
the CRB gets low at #; = 0, which corresponds to the
case when the impinging signal arrives from the boresight

direction. In this case, the change in the phase difference
at the antenna elements of the antenna array due to a
small movement of the reflecting object is large — since
the steering vector depends on the sine of #; — leading to
the lowest CRB.
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Figure 5: CRB for estimating ¢ as a function of ¢ in Sce-
nario 1 and Scenario 2 using the deterministic and stochastic
waveforms and assuming low or high path loss (PL) between
the communication transmitter (UE) and the serving BS when
P, = P, = P; = 125mW. Note the CRB for ¢ is not a function
of the true ¢ in Scenario 1 with deterministic waveform and in
Scenario 2 with both the deterministic and stochastic waveforms.

Figure 5 shows the CRBs for estimating ¢ as a function
of the true ¢ in Scenarios 1 and 2. The CRBs when using the
deterministic waveform in both scenarios and when using
the stochastic waveform in Scenario 2 are the same and
independent of ¢. On the other hand, the CRB depends on
¢ in Scenario 1 when using the stochastic sensing signal.
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Figure 6: Comparing the achievable performance for AoA es-
timation in terms of the BCRB in Scenario 1 and Scenario 2
using the deterministic waveform with P, = P, = P; and
Ps = 250mW — P;. Note that a, = 10 corresponds to the case
when more a priori information is available on the possible AoA
than in the case of a, = 1. As P; increases, the sensing power
decreases in both Scenarios, which leads to increasing BCRB.

Figure 6 shows the Bayesian Cramér-Rao Bounds
(BCRBs) as a function of P; in Scenarios 1-2 when using
the deterministic sensing signal. The a priori information
available about 6; is that 6y is uniformly distributed over
{O, i} due to the geographic features of the environment,



where a, > 1. Specifically, the BCRB plotted in this figure
for Scenario 1 and 2 are defined /aQs:

= 1 2a, [T g
Ips(a,) £ o 2 / / Ino(¢,01) dedby, (19)
™ m =—7 J6;=0
/2
~ 20, [To=
Id(am) é — Id(gl) d01 (20)
™ Jg,=0

As the figure shows, the BCRB decreases as the interval
within which 67 lies decreases (as a, increases from 1 to
10).
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Figure 7: Comparing the achievable performance for AoA estima-
tion in terms of the BCRB in Scenario 1 and Scenario 2 using the
stochastic waveform with Py £ P, = P; and Ps = 250mW — P.
Note that the BCRBs are somewhat higher than when using the
deterministic waveform (see previous figure).

Finally, Figure 7 shows the BCRBs when using the
stochastic waveform for sensing and using the same a priori
information on #; as in Figure 6. Notice that the BCRBs
are similar to those in the deterministic waveform case,
although they are somewhat higher in both scenarios. This
is due to the fact that the CRBs are, in general, higher when
using the stochastic sensing signal.

IV. CONCLUSIONS

In this paper, we studied the performance of bistatic
ISAC systems, in which the integration of communication
and sensing takes place either at the transmitter (Scenario
2) or at the receiver (Scenario 3) nodes, or at both of
them (Scenario 1). When using the same receiver node
as a communication and sensing receiver (Scenario 1 and
Scenario 3), the sensing and communication signals cause
interference with each other, which increases the CRBs
for both sensing and communication. Scenario 2 benefits
from separating the sensing and communication receivers
at the expense of using additional hardware, which results
in lower CRBs. The fully integrated scenario (Scenario
1) imposes constraints both at the transmitter (e.g., power
budget) and at the receiver (due to reusing hardware and
antenna) resources, which require the proper management
of transmit resources and the design of multi-antenna ISAC
receivers, which can deal with the interference caused by
the sensing and communication signals to one another.

Our related future research plans include studying non-
unitary signaling, multiple object sensing and precoding on
the transmitter side.
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