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Motivation: Key challenges of drone detection in MIMO
ISAC

Key challenges
Severe path loss
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Bi-static 𝐿𝑃𝐿 ∝ 𝑑−21 𝑑−22
RCS of a small drone ≈ −30 to −10 dBsm
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RCS of a small drone ≈ −30 to −10 dBsm
Limited Tx power (𝑃max) at BS
Radar system 𝑃max ≈ 0.6 − 2 𝑘𝑊
Typical BS 𝑃max ≈ 20 − 200 𝑊
CSI requirement (Precoder)
Typically the communication precoder
Regularized zero-forcing w𝑖 = (∑𝑁UE

𝑗=1
̂h𝑗 ̂h𝑗

𝐻
− 𝜆I)

−1
ĥ𝑖,

and the sensing precoder w𝑠 = (I − UU𝐻) ̂h𝑠

Trade-off between communication-centric and sensing-centric
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Motivation: The Proposed Scheme

Challenges
Link-budget

Proposed
Multi-static (multiple AP coherent
transmission)
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Motivation: The Proposed Scheme

Challenges
Link-budget
CSI
requirement

Proposed
Multi-static (multiple AP coherent
transmission)
Codebook-based ISAC
Joint design of sensing and
communication reference signal, i.e.,
Synchronization Signal Block (SSB)
No CSI required!
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Surveillance region is a collection of equidistance 𝑄 voxels
MIMO ISAC APs equipped with UPA, 𝑀 = 𝑀𝑉 ×𝑀𝐻 antennas
𝐽 transmitter APs, a receiver AP in hexagonal grid
Coordinated beam sweeping of sensing beams (toward voxels) and SSB
beams (Communication in GoB)
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System model
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System model: Channels

.Center of voxel 𝑞
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The channel model
Channel voxel 𝑞, LOS of
AP𝑗-𝑞-APrx

H𝑗,𝑞 = 𝜂√𝛽𝑗,𝑞𝑒−𝑗2𝜋𝑓𝑐𝜏𝑗,𝑞H̃𝑗,𝑞
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H0,𝑗 = √𝛽0,𝑗𝑒−𝑗2𝜋𝑓𝑐𝜏0,𝑗H̃0,𝑗

User channel in at AP 𝑗th
h𝑗,ue ∼ 𝒞𝒩(0, 𝛽𝑗,ueI)
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System model: Tx, Rx signal

Transmitted signal

x𝑗[𝑞] = 𝑠[𝑞]w𝑗,𝑞⏟⎵⏟⎵⏟
Sensing signal

+√𝜌𝑗,𝑞𝑐𝑗[𝑞]f∗𝑞⏟⎵⎵⏟⎵⎵⏟
SSB signal

(1)
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(2)

The received signal at APrx

yap[𝑞] =
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∑
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𝛼𝑗H𝑗,𝑞x𝑗[𝑞] +
𝐽
∑
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𝐽
∑
𝑗=1

G𝑗,𝑞x𝑗[𝑞] + n[𝑞], (3)
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SSB signal

(4)

The received signal at APrx

yap[𝑞] =
𝐽
∑
𝑗=1

𝛼𝑗H𝑗,𝑞x𝑗[𝑞] +
𝐽
∑
𝑗=1

H0,𝑗x𝑗[𝑞] +
𝐽
∑
𝑗=1

G𝑗,𝑞x𝑗[𝑞] + n[𝑞], (5)

yap[𝑞] = 𝑠[𝑞]
𝐽
∑
𝑗=1

𝛼𝑗H𝑗,𝑞w𝑗,𝑞
⏟⎵⎵⎵⎵⏟⎵⎵⎵⎵⏟

Sensing echoes

+
𝐽
∑
𝑗=1
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SSB echoes (clutter)

+
𝐽
∑
𝑗=1
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⏟⎵⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⎵⏟

Direct-link

+n[𝑞]⏟
Noise

,

(6)

Combining signal of voxel 𝑞th: 𝑦′ap[𝑞] = v𝐻
𝑞 yap[𝑞]
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System model: UE and Sensing SINR

Average UE SINR

𝛾ue,𝑗,𝑞 =
𝜌𝑗,𝑞𝛽𝑗,ue

∑𝑖∈𝒰 𝜌𝑖,𝑞𝛽𝑖,ue + 𝜎2𝑛
(7)
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System model: UE and Sensing SINR

Average UE SINR

𝛾ue,𝑗,𝑞 =
𝜌𝑗,𝑞𝛽𝑗,ue

∑𝑖∈𝒰 𝜌𝑖,𝑞𝛽𝑖,ue + 𝜎2𝑛
(8)

Average Sensing SINR

𝛾′sen,𝑞 =
𝜎2rcs|v𝐻

𝑞 H𝑞w𝑞|2

𝛽g,𝑞∑
𝐽
𝑗=1 𝜌𝑗,𝑞 + 𝜎2𝑛

, (9)

where H𝑞∈ℂ𝑀×𝐽𝑀 is H𝑞=[H1,𝑞,⋯ ,H𝐽,𝑞] and w𝑞∈ℂ𝐽𝑀 is w𝑞=[w𝑇
1,𝑞,⋯ ,w𝑇

𝐽,𝑞]𝑇
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Proposed coordinated precoder

Maximizing sensing SINR at voxel 𝑞 w.r.t.

arg max
w𝑞,𝜌𝑞

𝛾′sen,𝑞 =
w𝐻
𝑞 Aw𝑞

𝜉(𝜌𝑞)
(10a)

s.t. ‖w𝑗,𝑞‖2 + 𝜌𝑗,𝑞 ≤ 𝑃max, ∀𝑗, (10b)
w𝐻
𝑗,𝑞f∗𝑞 = 0, ∀𝑗, (10c)

𝛾ue,𝑗,𝑞 ≥ 𝛾req, ∀𝑗, (10d)
w𝐻
𝑗,𝑞h

∗
0,𝑗,d = 0, ∀𝑗, (10e)

where 𝜌𝑞 = [𝜌1,𝑞,⋯ , 𝜌𝐽,𝑞]𝑇 A∈,ℂ𝐽𝑀×𝐽𝑀, A=H𝐻
𝑞 v𝑞v𝐻

𝑞 H𝑞.
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Proposed coordinated precoder

Maximizing sensing SINR at voxel 𝑞 w.r.t. w𝑞, 𝜌𝑞

arg max
w𝑞,𝜌𝑞

𝛾′sen,𝑞 =
w𝐻
𝑞 Aw𝑞

𝜉(𝜌𝑞)
(11a)

s.t. ‖w𝑗,𝑞‖2 + 𝜌𝑗,𝑞 ≤ 𝑃max, ∀𝑗, (11b)
w𝐻
𝑗,𝑞f∗𝑞 = 0, ∀𝑗, (11c)

𝛾ue,𝑗,𝑞 ≥ 𝛾req, ∀𝑗, (11d)
w𝐻
𝑗,𝑞h

∗
0,𝑗,d = 0, ∀𝑗, (11e)

where 𝜌𝑞 = [𝜌1,𝑞,⋯ , 𝜌𝐽,𝑞]𝑇 A∈,ℂ𝐽𝑀×𝐽𝑀, A=H𝐻
𝑞 v𝑞v𝐻

𝑞 H𝑞.
Power constraint (11b), Comm/Sensing orthogonality (11c), Comm
requirement (11d), Direct-link masking (11e).
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Proposed coordinated precoder

Rewrite (11) as

max
W𝑞,𝜌𝑞

𝑡 (12a)

s.t. Tr {AW𝑞} ≥ 𝑡 ⋅ 𝜉(𝜌𝑞) (12b)

Tr {[⋅ I ⋅]𝑗W𝑞[⋅ I ⋅]𝑇𝑗 } + 𝜌𝑗,𝑞 ≤ 𝑃max, ∀𝑗, (12c)
f𝑇𝑞[⋅ I ⋅]𝑗W𝑞[⋅ I ⋅]𝑇𝑗 f∗𝑞 = 0, ∀𝑗, (12d)
𝛾ue,𝑗,𝑞 ≥ 𝛾req, ∀𝑗, (12e)
h𝑇
0,𝑗,d[⋅ I ⋅]𝑗W𝑞[⋅ I ⋅]𝑇𝑗 h∗

0,𝑗,d = 0, ∀𝑗. (12f)

Power constraint (12c), Comm/Sensing orthogonality (12d), Comm
requirement (12e), Direct-link masking (12f).
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Proposed coordinated precoder

The solution from optimizer is Wsol,𝑞. The eigen-decomposition of Wsol,𝑞

Wsol,𝑞 = Z𝑞Λ𝑞Z𝐻
𝑞 , (13)

The optimized precoder is

wsol,𝑞,𝑗 = √𝑃max − 𝜌sol,𝑞,𝑗zdom,𝑞,𝑗, (14)

where zdom,𝑞,𝑗=[⋅ I ⋅]𝑗zdom,𝑞, zdom,𝑞∈ℂ𝐽𝑀 is the dominant eigenvector of Wsol,𝑞.
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Non-coordinated precoder

A steering vector that projects onto the orthogonal complement of the column
space span U𝑗,𝑞=[h̃0,𝑗,d, f∗𝑞],

w𝑗,𝑞 = 𝑒𝑗2𝜋𝜑𝑗,𝑞√ ̃𝜌𝑗,𝑞 ̃w𝑗,𝑞/‖w̃𝑗,𝑞‖,

̃w𝑗,𝑞 = (I − U𝑗,𝑞(U𝐻
𝑗,𝑞U𝑗,𝑞)−1U𝐻

𝑗,𝑞)h𝑗,𝑞, (15)

where 𝜑𝑗,𝑞 =
𝑙𝑗,𝑞−𝑙1,𝑞

𝜆
is the phase different between AP𝑗 and AP1 as a factor of

wavelength 𝜆.

13 / 19



Detection rule

Hypotheses

ℋ0 ∶ y𝑞 = xc,𝑞 + n𝑞,
ℋ1 ∶ y𝑞 = xs,𝑞 + xc,𝑞 + n𝑞.

(16)

The likelihood function for both hypotheses are

𝑝(y𝑞|ℋ0) = 𝒞𝒩(0, 𝜎2I)

= 1
𝜋𝑀𝜎2𝑀

exp( − 𝜎−2y𝐻
𝑞 y𝑞),

𝑝(y𝑞|ℋ1) = 𝒞𝒩(0, 𝜎2I + 𝜎2rcs𝑞) = 𝒞𝒩(0,C𝑞)

= 1
𝜋𝑀 det(C𝑞)

exp( − y𝐻
𝑞 C−1

𝑞 y𝑞),

(17)

where 𝜎2 = 𝜎2n + 𝜌𝑞𝛽g,𝑞, C𝑞 = 𝜎2I + 𝜎2rcs𝑞.
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Detection rule

The log-likelihood ratio, LLR(y𝑞), is

LLR(y𝑞) = ln (
𝑝(y𝑞|ℋ1)
𝑝(y𝑞|ℋ0)

)

= ln ( 𝜎2𝑀

det(C𝑞)
) + y𝐻

𝑞 (𝜎−2I − C−1
𝑞 )y𝑞.

(18)

The test statistic is

𝑇(y𝑞) = y𝐻
𝑞 (𝜎−2I − C−1

𝑞 )y𝑞

ℋ1
≷
ℋ0

𝛾th, (19)

𝑇(y𝑞) = y𝐻
𝑞 Φ𝑞(𝜎−2I + 𝜎2rcsΦ𝑞)−1y𝑞

ℋ1
≷
ℋ0

𝛾′th. (20)
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Simulation result

Table: Baseline parameters.

Parameter Value Parameter Value
𝑀V,𝑀H 12 𝜎RCS −10 dBsm

𝑓𝑐 15 GHz 𝑧 10 m
𝛽g,𝑞 −90dB 𝜎2n -60 dBm
𝑃max 30 dBm 𝑑 2 𝑚
𝛾req 3 dB Volume 6x2x2 𝑚3

r 250 m
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Simulation result
Evaluate the sensing performance via the averaged sensing SINR
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Simulation result
Evaluate the sensing performance in altitudes
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Simulation result
Coordination improves 𝑃d
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