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Abstract—A near-field integrated sensing and communications
(ISAC) framework is proposed, which introduces an additional
distance dimension for both sensing and communications com-
pared to the conventional far-field system. In particular, the
Cramér-Rao bound for the near-field joint distance and angle
sensing is derived, which is minimized subject to the minimum
communication rate requirement of each user. Both fully digital
antennas and hybrid digital and analog antennas are investigated.
For fully digital antennas, a globally optimal solution of the ISAC
waveform is obtained via semidefinite relaxation. For hybrid
antennas, a high-quality solution is obtained through two-stage
optimization. Numerical results demonstrate the performance
gain introduced by the additional distance dimension of the near-
field ISAC over the far-field ISAC.

Index Terms—Integrated sensing and communications (ISAC),
joint distance and angle estimation, near-field.

I. INTRODUCTION

Integrated sensing and communications (ISAC) has been
regarded as a promising technique for the sixth-generation
(6G) wireless network, where the sensing function and the
communication function can be carried out simultaneously
by sharing the same spectrum and hardware facilities [1]. To
fulfill the increasing demand for communication and sensing
performance, future ISAC systems will evolve towards ex-
tremely large-scale antenna arrays (ELAAs) and high frequen-
cies, e.g., millimeter wave (mmWave) and terahertz (THz),
which are essential for high communication capacity and
high sensing resolution [1]], [2]. Nevertheless, such a trend
will significantly change the electromagnetic properties of the
wireless environment, i.e., from planar-wave propagation to
spherical-wave propagation, leading to an inevitable near-field
effect [3[]-[5]]. Thus, there can be a mismatch between existing
ISAC designs relying on the far-field assumption [[6]—[8] and
real wireless environments, which requires a redesign of ISAC.

Furthermore, the near-field effect also provides new pos-
sibilities. The spherical wave propagation in the near field
introduces a new distance dimension, which has the potential
to facilitate joint estimation of distance [9] and angle in
sensing and to mitigate interference in communications [10].
To the best of the authors’ knowledge, near-field ISAC systems
have not been studied yet, which motivates this work. In
this letter, we propose a near-field ISAC framework. Based
on the spherical wave propagation, we establish the accurate
near-field channel model of the near-field ISAC framework.
We jointly optimize the ISAC signal to maximize the near-
field sensing performance subject to the minimum near-field
communication rate for both fully digital antennas and hybrid
digital and analog antennas. Finally, our numerical results
verify the effectiveness of the proposed framework.

The authors are with the School of Electronic Engineering and Com-
puter Science, Queen Mary University of London, London El1 4NS,
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Fig. 1: Illustration of the near-field ISAC system.

II. SYSTEM MODEL

As shown in Fig. [I we consider a narrowband near-
field ISAC system comprising an /N-antenna dual-functional
base station (BS), where N = 2N + 1, K single antenna
communication users, and one sensing target. We consider a
monostatic sensing setup at the BS. Furthermore, we assume
that the BS employs a uniform linear array (ULA) with an
antenna spacing of d, resulting in an aperture of D = (N —1)d.
Typically, the boundary between near-field and far-field can
be determined by the Rayleigh distance % [3], where A
is the signal wavelength. We assume that the communication
users and sensing target are located in the near-field region of
the BS, which implies that their distance from the BS is less
than %. As observed, in order to take advantage of the new
features of the near field, ELAAs and high frequencies are
required to produce a large near-field region. Therefore, in the
following, we first discuss the optimal full digital antennas to
provide a performance upper bound of the near-field ISAC
system. Then, we extend to the hybrid digital and analog
antennas, which are more energy-efficient for ELAAs with
high frequencies.

A. Near-field Channel Model for ISAC

We start with introducing the channel model for the consid-
ered near-field ISAC system. Without the loss of generality, we
put the origin of the coordinate system into the center of the
ULA at the BS. Therefore, the coordinate of the n-th element
of the ULA is given by s,, = [nd, 0], ¥n € {—~N, ..., N}. Let
us consider a communication user or sensing target located at
a distance of r and an angle of 6 from the center of the ULA.
Its coordinate is given by r = [rcos®,rsind]’. Then, the
distance from the n-th antenna element to this user or target
can be calculated as follows:

(1, 0) =|v — s, = V12 +n2d? — 2rndcosf. (1)

Furthermore, in tgle Fresnel region of the near field, i.e.,
1.2D < r < 222 the channel gain of each link between

>\ b
the antenna elements and the user or target is approximately



identical [[11]. As a result, the channel gain of all links can be
calculated as the free-space pathloss of the central link, which
is given by B = @, where py = ﬁ is the pathloss at the
reference distance 1 m. Therefore, the channel between the
n-th antenna element and the user or target is given by [|12]

ha(r,0) = Be I Xm0 = gemi X (rar=r) = ()

where 0 = Be’jo” denotes the complex channel gain. The
near-field channel vector h € CV*! between the BS and the
user or target is given by

h= [h,ﬁ<rk;9k>7~-~7h1(](rk79k)]T 253(7‘79), (3)

where a(r, ) denotes the near-field array response vector. The
n-th element, Vn € {—N, ..., N}, of a(r,0) is given by

(1, 0)] = e 9K (a0 0),

“4)

The near-field array response vector reduces to the far-field
one by assuming that D < r and applying the first-order
Taylor approximation v/1+z ~ 1+ 1z for z = 5 (n?d* —
2rnd cos 0) to the distance in (T)). In this case, the n-th element
for the far-field array response vector is given by

[afar(o)}n = eijTﬂ(*nd cos 0) '

®)

Let ri, 0, and ), denote the distance, angle, and complex
channel gain of user k, respectively. The near-field commu-
nication channel vector h;, € CV*1 between the BS and the
user k can be modeled as

hy, = Bra(re, O), (6)

In contrast to communication, target sensing based on the
monostatic sensing setup relies on the echo signal received
at the BS. Therefore, the round-trip channel needs to be
considered. Let 74, 65, and s denote the distance, angle,
and complex channel gain of the sensing target, the near-field
round-trip channel matrix G € CN*¥ for target sensing is
given by

G = ﬂsa<rs793)aT(’r87es)7 (7)

Remark 1. (Benefits of near-field communication) Accord-
ing to (6), the near-field communication channel is determined
by both distance and angle of communication users. This
is fundamentally different from the far-field communication
channel, which only depends on the angle. Therefore, even if
the users are located in the same direction, they can still be
distinguished in the distance domain, resulting in low inter-
user interference.

Remark 2. (Benefits of near-field sensing) According to (/),
the near-field sensing channel involves both distance and angle
information. Therefore, in contrast to far-field sensing systems
that can only estimate angles from the sensing channel, it is
possible to carry out the joint distance and angle estimation
in near-field sensing systems.

B. ISAC Model for Fully Digital Antennas

In this subsection, we consider the fully digital antenna,
where each antenna at the BS is connected to a dedicated
radio-frequency (RF) chain. Furthermore, we consider a coher-
ent time block of length 7', during which the communication

channels and sensing target parameters remain approximately
constant. At the beginning of each coherent time block, the
communication channels are obtained by the conventional
channel estimation methods. To jointly carry out communi-
cation and sensing in the remaining time of the coherent time
block, the BS transmits the following joint communication and
sensing signal at time ¢:

X[t] = Z fkck[t] + S[t],

kex

where f;, € CV*1 denotes the fully digital beamformer for
conveying the information symbol c¢g[t] € C to the user k,
s[t] denotes the dedicated sensing signal for achieving the full
sensing degrees of freedom [6], and K = {1,..., K}. The in-
formation symbols are assumed to be independently distributed
and have unit power, ie., E[cy[tlc;[t]] = 1, if k = 4; and
E[ck[tlc;[t] = 0, otherwise. Let R, = E[s[t]s” [t]] denote
the covariance matrix of the dedicated sensing signal. Then,
the covariance matrix of the sensing signal is given by

R, = E[x[t)x"[t]] = Y fiff + R..
ke
1) Communication Model: The received communication

signal at user k is given by

yilt] = hi frci[t] + > hifici[t] + his[t] + 2 [t],
N—— ik

(®)

€))

(10)
desired signal
where zi[t] ~ CN(0,03) denotes the additive white Gaussian

noise (AWGN). Then, the achievable communication rate of
user k is given by [12]]

h’f, |2
R(fy,R,) = log, (1+ [ f|

” . (an
BRI, — G + )

2) Sensing Model: The received echo signal at the BS for
target sensing is given by

yslt] = Gxt] + z[1], (12)

where zs[t] ~ CN(Oy,0%Iy) denotes the AWGN. The
objective of sensing is to estimate the target parameters from
the received echo signal samples over the whole coherent time
block, i.e., Yy = [ys[1],...,ys[T]]. As analyzed in Remark
the joint distance and angle estimation can be carried out
based on the near-field sensing channel G. To this end, the
concept of the classic MUItiple SIgnal Classification (MUSIC)
algorithm can be invoked, where the orthogonality between
the signal subspaces is exploited. The details of using the
MUSIC algorithm to jointly estimate distance and angle are
given in Appendix A. Typically, the mean square errors (MSE)
between the estimated (7, 0,) and the real (r, ;) is used to
evaluate the sensing performance, ie., €2 = E[lr, — 7|?]
and €5 = E[|0, — 6,[2]. However, it is difficult to obtain the
closed-form expression of the MSEs €2 and €} . As a remedy,
we adopt the Cramér-Rao bound (CRB) as the performance
matrix for target sensing, which provides a lower bound of the
MSE and has a closed-form expression [[13|]. The CRB matrix

is given b

For the cases with M targets, the CRB matrix would be in the same form
as (T3), but has a larger dimension of 2M x 2M. The resulting optimization
problem can also be solved by the algorithm proposed in Section m



CRB(R., G,0?) = (J11 — J12J50 %)~ (13)

where the exact expressions of Jqi, Ji2, and Jos and the
detailed derivation of the CRB matrix are given in Appendix
A. More particularly, we have €2 > [CRBJ;,; and ¢ >
[CRB]3,2.

C. ISAC Model for Hybrid Digital and Analog Antennas

In this subsection, we consider the hybrid digital and
analog antennas, which consist of a large-dimensional analog
component realized by power-efficient phase shifters (PSs) and
a low-dimensional digital component [14]. We assume that
there are Ngrp RF chains in the digital component, where
K +1 < Nrp < N. Then, the transmit joint communication
and sensing signal using the hybrid digital and analog antennas
is given by

xuglt] = Frr ( Z feB,kexlt] + salt]),

keKx

where Frp € CV*NrF denotes the analog beamformer real-
ized by PSs, fpp 1 € CNreX1 denotes the digital beamformer
for user k, and spp[t] € CVrF*1 denotes the digital dedicated
sensing signal, whose covariance is denoted by Rpg . The
covariance matrix of the transmit signal is given by Ryp =
FRFRBBFRHp where Rgg = ZkeK fBB,kfé{Byk + RgB,s.
Furthermore, due to the hardware limitation of PSs, the analog
beamformer should satisfy a unit-modulus constraint, i.e.,
|[FRF}m,n| = 1,Vm,n.

1) Communication Model: The achievable rate achieved by
the hybrid digital and analog antenna for user %k can be directly
obtained according to (TI), which is given by R(fup 1, Rug),
where fHB,k = FRFfBB,k~

2) Sensing Model: To receive the echo signal through the
hybrid digital and analog antenna, an analog combiner Wiy €
CNreXN should be used [15], which is also subject to a unit-
modulus constraint. Then, the received sensing signal becomes

15)

(14)

yIS_IB[t] = WgrrGxyup [t] + WRFZs[t].

As suggested in [[15], the analog combination Wgr can be
randomly selected from the unit circle for target sensing.
Therefore, when the number of receive antennas is sufficiently
large, it holds that +WgrrW{E ~ Ing.. In this case,
the effective noise z{j; = WRgpz,[t] has a distribution of
CN (Ongy, No2I g, ). In this case, the new MUSIC algorithm
and CRB matrix can be developed based on the effective
sensing channel matrix Gy = WgpG and the effective
noise zjp following the process in Appendixes A and B,
respectively. The CRB matrix for hybrid digital and analog
antennas can be expressed as CRB(Rup, WrrG, No?)

III. PROBLEM FORMULATION AND PROPOSED SOLUTION
A. Problem Formulation

In the letter, we aim to minimize the CRBs on joint dis-
tance and angle estimation, while guaranteeing the minimum
communication rate of each communication user. Note that
in practice, target parameters only change slightly between
neighboring coherent time blocks. Therefore, the estimation
results of the distance and angle of the target in the previous

coherent time block can be exploited for the system design.
Therefore, we assume that the distance r and angle 6 of the
target are fixed in the optimization problem [7], [8]. Since
only the diagonal entries of the CRB matrix are related to the
estimation error, the optimization problem for the fully digital
antenna can be formulated as follows:

: 2
¢ B0 tr(CRB(R,, G, 07)), (16a)
st. R(fe,Ry) > Ruing, Y, (16b)
tr(Ry) < Prax, (16¢)
R, = > fifl, (16d)
kek

where Ry, denotes the minimum rate requirement of user
k and P, .x denotes the maximum transmit power. The last
constraint (I6d) is from the condition that Ry, = R, —
Y okek i £ = 0. The optimization problem for hybrid digital
and analog antennas can be formulated similarly.

B. Proposed Solution for Fully Digital Antennas

We first consider the optimization problem (I6) for fully
digital antennas. One of the main obstacles to solving problem
(T6) is the complex form of the CRB matrix. To solve this
issue, we first transform problem (I6) into the following
equivalent but more tractable form [8| Proposition 1]:

' ~1
£ Ry 2000 (U7, (17a)
Jn—-U J
s.t. [ MT 121 -0, (17b)
J12 Jo2
(T6b) — (T6d), (17¢)

where U € C?*? is an auxiliary matrix. In this case, the non-
convex objective function of the CRB matrix is transformed
into the convex constraint (I7b). To address the non-convex
constraints (T6b) and (L6d), the semidefinite relaxation (SDR)
is adopted [16]]. In particular, define the auxiliary variables
F, = £, £, which satisfies Fj, = 0 and rank(F) = 1. Then,
constraint (16b)) can be transformed into the following convex
form:

vhIFphi > hI R, h} + o7, (18)

— 1 ;
where 7, = 1 4 Jz———. Constraint (I6b) can also be

transformed into a convex form as follows:

R, - ZFk.

kex
By omitting the rank-one constraint of Fy, the following

optimization problem can be obtained:
tr(U™1),

which is convex and can be effectively solved by the standard
interior-point algorithm. Although the rank-one constraint is
omitted in problem (20), given any globally optimal solution
Fk and f{gj to problem (20), we can always construct the
following rank-one solution that achieves the same objective
value [6, Theorem 1]:

ff = (hf Fyh}) 2 Fhj,

19)

min (20a)
Fp=0,R,>=0,U>0

s.t. (20b)

R’ =R,. Q21
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Fig. 2: RCRB versus minimum communication rate.

Therefore, the above solution must be the globally optimal
solution to problem (16). With this globally optimal solution,
the considered fully digital antenna can provide a theoretical
performance upper bound for hybrid digital and analog anten-
nas.

C. Proposed Solution for Hybrid Digital and Analog Antennas

We continue to study the solution to the optimization
problem for hybrid digital and analog antennas. To solve
it, we consider a heuristic two-stage optimization framework
proposed in [[17]. In this framework, the analog beamformer
is designed to maximize the array gain at the communication
users and the sensing target. Then, the digital beamformers
and the digital dedicated sensing signal are optimized with
the designed analog beamformer. Let frr , denote the ¢-th
column of Fry. Then, the analog beamformer can be designed

as follows:
a*(w,ag), 1</<K,
frr.e =

K<€§NRF.

22
a*(T8798)7 22

With the above solution of the analog beamformer, the opti-
mization problem is only related to the digital part fgp ; and
Rgg, which has the same form as the problem @ Therefore,
it can be optimally solved by the algorithm proposed in the
previous section.

I'V. NUMERICAL RESULTS

In this section, numerical results are provided to verify the
effectiveness of the proposed near-field ISAC framework. We
assume a BS equipped with a ULA with N = 65 antennas
operating at a frequency of 28 GHz (A = 1.07 cm) [[10]. The
antenna aperture is set to D = 0.5 m, resulting in a Rayleigh
distance of % = 46.73 m. There are K = 4 communication
and one sensing target located in the near-field region of the
BS. The locations of the users are randomly generated within
the near-field region of the BD. The location of the target is set
to (20 m,45°). The maximum transmit power at the BS and
the noise power are set to 20 dBm and —60 dBm, respectively.
For the hybrid digital and analog antennas, the number of RF
chains is set to Ngrr = 5. The minimum rate requirement of
each user is assumed to be the same, i.e., Rmin r = Rmin, VK.
In particular, “FD” represents fully digital antennas, “HB”
represents hybrid digital and analog antennas, and “RCRB”
represents the root of CRB.
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A. RCRB Versus Minimum Communication Rate

In Fig. 2] the RCRBs for distance and angle estimation
versus the minimum communication rate R,.;,. As can be
observed, the RCRBs increase with the increment of Ry,
indicating the existence of a tradeoff between sensing and
communication performance. Nevertheless, it is noteworthy
that even when R, is considerably high, the RCRB re-
mains at a low level, which confirms the effectiveness of
integrating near-field sensing and near-field communications.
Furthermore, HB reduces sensing performance compared to
FD at the same communication rate, but it has much lower
power consumption.

B. Spectrum of MUSIC

In Fig. 3] we compare the normalized spectrum of MUSIC,
ie., m, obtained by the proposed near-field ISAC and the
far-field ISAC [7] over a fine grid of x € [0 : 0.08 : 40] m
and y € [0 : 0.08 : 40] m. The minimum communication rate
is set to R,y = 5 bit/s/Hz. For near-field ISAC, the largest
value in the spectrum occurs around the actual location of the
target. The estimated distance and angle from the spectrum of
near-field ISAC is 7y = 19.952 m and és = 45°. However,
for far-field ISAC, the spectrum has the same largest value
along the direction of the target. This is because the near-field
sensing channel contains information on both distances and
angles, while the far-field one is only related to angles.

C. RCRB Versus Distance

To obtain more insights, we further study the impact of
the distance r on the near-field ISAC, without factoring in
pathloss for a fair comparison. We set R,,;, = 5 bit/s/Hz. As



the distance 7, increases, we observe a gradual increase in
the RCRB of distance, indicating lower accuracy of distance
estimation. This is expected because as rg increases, the
near-field sensing channel gradually degrades to the far-field
sensing channel and therefore holds less distance information.
Furthermore, for angle estimation, it is interesting to see that
the RCRB of near-field ISAC gradually decreased and is
limited by the RCRB of far-field ISAC. This is also expected
because, with an increase in 7, the echo signal at each antenna
element emanates from nearly the same direction, thereby
favoring angle estimation.

V. CONCLUSION

A near-field ISAC framework has been proposed. It is
suggested that ISAC systems can benefit more from the near
field compared with the far field. Therefore, exploring ways to
enlarge the near-field region of ISAC systems without altering
the number of antennas and frequencies significantly is an
interesting direction for future research.

APPENDIX A
MUSIC ALGORITHM FOR NEAR-FIELD SENSING

MUSIC algorithm is a kind of super-resolution algorithm
for parameter estimation, which exploits the orthogonality of
signal subspaces [[18]]. The signal subspace can be obtained
according to the covariance matrix of the received echo signal,
ie, R = E[y [ty [t] =~ =3[, ysltlyZ[t]. Then, based
on eigenvalue decomposition, the signal and noise subspaces
can be obtained as follows:

R = E,D,E? +E,D,EY,
—_— Y

signal subspace

(23)
noise subspace

where D, and E, contain the M largest eigenvalues and
corresponding eigenvectors, while D,, and E,, contain the
remaining eigenvalues and eigenvectors, respectively. Here,
M = 1 represents the number of targets. In particular, D
and D,, are real-valued diagonal matrices. According to (7)),
the signal subspace is spanned by the vector a(rs,60s). By
defining the projection operator onto the noise subspace as
Pg, = E,(EZE)"'EX, for any vector a(r, ), we have its
projection onto the noise space as follows [18]:

p(r,0) = |Pg,a(r,0)|* = a (r,0)E,ETa(r,0). (24)

Based on the orthogonality between the signal subspace and
the noise subspace, it holds that p(r,8) — 0 if and only if
r =714 and 6 = 0. Thus, the estimated distance and angle of
the target are given by (s, 98) = arg min, gy p(r, 0).
APPENDIX B
DERIVATION OF CRB MATRIX

The CRB matrix can be calculated by the inverse of the
Fisher information matrix (FIM) with respect to the unknown
parameters. In particular, in the sensing channel G, the un-
known parameters are given by & = [r,, 0y, 37, 3], where
B = Re{Bs} and B¢ = Im{Bs}. Define u = vec(Ys).
According to [13, Appendix 3C], the FIM J¢ for estimation
the unknown parameter £ from u is given by

Ou du Jin Jio
7, — _ 25
¢ {65 65} 3, T P

Jrgrs Jreos J _ J'"é;ﬂg Jraﬁ
Jrs05 Jos0s 12 ar J,

T Jo.pi

where J; = [ } and Joo =

Jgrgr 0
[ ﬁg‘“ Jﬁiﬁg}. The value of each enrty is given by Jy, =
2R W% By Defining G = a(rs,0,)a’(rs,0,),

= 8G/8r5 and Gy, = G /90, and exploiting R, ~
T thl x[t]x[t], for any £,p € {rs,0,}, we have

2|8 |2
Jop = = Re{tr (G,R.GI)}, (26)
Jopy = G} Jegr =G Jes; (27)
o - .
Jorpr = Jpiss = ptr(GRxGH)- (28)

S

Based on the FIM, the CRB matrix for estimating re and 6,
is given by CRB(R,, G, 02) = (J11 — J12J55 %) =1 [19].
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