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Appendix A Derivation of the radar SINR
According to [1], the radar SINRs of BS; and BSz can be respectively expressed as

SINR1 = Tr(la1|* A1 (01, ¢1)wiwi AT (01, 61) (plb1 217 G1,2(01, 61,02, p2)wawy Gi 5 (01, 1,02, ¢2) + 07 In,) 1), (A1)
2 HH 2 H~H 2 —1
SINR> = Tr(|az|"A2(02, p2)wawy Ay (02, 2)(p|b2,1]"G2,1(02, P2, 01, p1)Wiwy Gy 1 (02, 02,01, ¢1) + 0 In, ) ). (A2)
By adopting MRT precoding and using the equation afI(Gl, b1)ac (01, d1) = a?(GQ, b2)ag (02, p2) = %j\f” = 1, the radar
SINRs can be further expressed as
SINR1 = Tr(|a1|* P1As 1(pPalb12|* Ary + 07 In,) 1), (A3)
SINRp = Tr(Jaz|* PaAr 2 (pPy [b2,1|* Ar iz + 0°In,) ), (A4)

where A, = a; (01, ¢1)a?(917¢1) and A, 2 = a,(02, ¢2)a?(927¢>2) are both rank-1 matrices. Consider the eigenvalue decom-
position of Ay 1 and A, s for A, = UIfAlUl and A, > = U;IAQUQ, which satisfy Ull{Ul = UI2_IU2 = Iy, and A} = A =
diag{1,0,---,0}. The expressions of SINR; and SINR; can be further calculated as

SINR; = Tr(|a1|? PLA; 1 (pPalb1 2| Ar1 + 0%In,) ") = Tr(lar | PLUY AL UL (p P2 b1 27U A, Uy 4+ 02U U TY)

_ P _ (A5)
= Tr(la1)* PLUY A UL UL H(pPa b1 2P Ay + 0%In,) (UL HT) = |a1|* PLTe(Ar (pPa|b12[* Ay + 0”1, ) 7Y,
SINRjy = Tr(|az|> PaAr,2(pPilba,1|* Arz + 02In,) ") = Tr(lag|? PaUS AUz (pPy|ba 1 |PUS A3 Us + 62 USUL) ™) (A6)
= Tr(laz|* P2UY AU Uy (pPy b1 [P Az + 0°LIn,) " (U3 D) = |a2|* PaTr(Az(pPr]b21 [P Az + 0”1y, ) ).
Note that
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00 ---0] | 0 0 - o?] 0 0---0
Finally, we derive the expressions of the radar SINR when the UAV is located at (z,y, z) as follows
GC P:
Pilas |2 [T e L
SINRi(z,y,2) = pPalbral® £ o2 = 2GOP, 3 (A9)
22 GTF @02+ —hps) D) (2 Tu2 4 gD T
GC P:
SINRa (2, 4, 2) Pslas|? _ (I2+(d—y)2+(§—th)2)2 (A10)
2 T, Y, pP1\b2,1\2 1 o2 pGCPq +02.
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To evaluate the sensing performance statistically, the UAV is assumed to obey uniform distribution in the cuboid region D =
[—z0, zo] X [ad, Bd] X [Amin, Amax]. Therefore, the probability density function (PDF) of the location of the UAV can be expressed
as follows

L, (z,y,2) €D
fly,2) =4 "D (@3, %) (A11)
0, (z,y,2)¢D
where Vp denotes the volume of D. The expectations of SINR; and SINR, are calculated as follows
1
SINR; = E{SINR;(z,y,2)} = — /// SINR; (z, y, z)dzdydz
Vp D
___Gerk Al12
_ 1 /ﬁd dy /wo dw/‘hmax (22452 +(2—hpg)2)2 ds ( )
B - hmax — Pmin)d ) pGC Py 5 4%
(/6 Oé)wo( ma: mn\) ad 0 hmin ((t2+(d7y)2+(27h,]38)2)(1}2+y2+(2*hBS)2) + o
1
SINR; = E{SINRa(z,y,2)} = — // SINRs(z,y, z)dzdydz
Vp D
GCPy A13
_ 1 Bd dy /mo dw/hmax (22+(d—y)2+(2—hpg)2)2 de ( )
(ﬂ - CV)fo(hmax - hmin)d ad 0 h pGCOP| + 02

min (@2 +(d=y) 2+ (s~ hps)?) (@2 +y 2+ (s~ hps)?)

Due to symmetry, we only consider the case where the UAV is closer to BS;, i.e.,, @« < B < 0.5. Consequently, we have
SINR = max{SINRy, SINR2} = SINR;. It is worth noting that the above integrals cannot be solved analytically, so we use
numerical methods to calculate the above integrals.

Appendix B Derivation of the joint detection probability

We consider the likelihood ratio test (LRT) detector over one sensing block of L symbols. For BS;, the detection problem can be
formulated as a binary hypothesis testing problem [2] as follows

Yi2=N, Ho (B1)
Y12 =a1A1(01, ¢1)wis1 + /pb1,2G1 2(01, 1,02, p2)wasa + N, H;
where Y12 = [y1,2(1), -+ ,y1,2(L)], N = [n(1),--- ,n(L)], s1 = [s1,1,---,81,.], and s3 = [s2,1,---,s2,.]. In the mono-static

architecture, ﬁb1)2G112(017¢1,62,¢2)W252 and N are regarded as interference/noise for BS;. After signal vectorization, the
problem can be further expressed as

yi=— s, H
Y1 uz +n 0 (B2)

Yyi=ui +ns, Hy

wherey; = vec{Y 1,2}, u1 = vec{a1 A1 (01, p1)wis1}, uz = vec{/pb1,2G1,2(01, ¢1, 02, p2)wasa}, ng = vec{\/pb1,2G1,2(01, $1, 02, p2)wasa+
N} ~ CN(0,R), and R = IL ® (p|b1,2|°G1,2(01, ¢1,02, b2)Wawh G1l 5 (01, ¢1, 02, ¢2) + 0°Ly,) = I ® R. Therefore, the LRT

detector can be expressed as
Ha

Ay = 1) 2 (B3)

F(¥11Ho) #o

where k is a certain threshold which is determined according to a target value of probability of false alarm Pra (the probability
that the system still determines the presence of a target when only noise/interference is present) for performing constant false alarm
rate (CFAR) detection [3]. f(y1|#H1) and f(¥1|Ho) denote the PDFs of y1 under the hypotheses H; and #Ho, respectively, which
can be expressed as

F(¥1Ho) = exp(—(F1 + u2) "R (71 + u2)), (B4)

mNrLdet(R)

f(¥1H) = exp(—(F1 —u) "R™H (71 — my)). (B5)

1
nNrLdet(R)

After taking the logarithmic operation, the logarithmic LRT function can be expressed as
ImAF) = 1 +u)"R7NF +u2) — (71 —u) "R (T —w). (B6)

In A(¥1) under hypotheses Ho and H1, respectively, are distributed as

InA(y1) ~ N(—uI{IRfluQ — uI;Rflul — quRflul — u2HR71u2,2u¥R71u1 + 2u2HR*1u2), Ho

(B7)
InAF) ~ NuiR 7w + ufR7Tu; + ullR7u;g + ufR7Tug, 20 R7uy + 2ullR7Mwn), #4

Therefore, the probability of false alarm Ppa and detection probability of BS; interfered with by BSs(the probability that the
system correctly detects the target in the presence of noise and interference) can be respectively expressed as

Ink + u?RfluQ + u?R’lul + u¥R71u1 + UZHR71UQ

Ppa = Pr{lnA(y1) > Ink|Ho} = Q(
\/Q(U?R*1u1 +ullR-1uy)

)s (B8)

Ink — u?R_luz — uglR_lul — uI{IR_lul — uglR_luz

\/Q(u?R*1u1 + ullR~Tuy)

Py =Pr{ln A(¥1) 2 Ink|H1} = Q( ) (B9)
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2
where Q(z) = \/127 fzoc e~ 2 dt denotes the Q-function and the detection threshold x can be determined by

Ink = Qfl(PFA)\/Q(quRflul +ullR-1uy) — ull{Rfluz — u§R71u1 — u?R71u1 — ué{R*lug, (B10)

where Q71 (z) denotes the inverse Q-function. By defining k = Q! (Pga), the detection probability of BS; can be further expressed
as
2u12{R71u1 —+ 2u11{R71uQ —+ 2quIR71u1 + 2u2HR71u

2). (B11)
\/2(uI{IR*1u1 +ullR-1uy)

P12 =Q(k —

By using the transformation Tr(ABCD) = vec" {D"}(C" ® A)vec{B} and the assumption that si'ss ~ E{si'so} = 0, si's; =~
E{sfs1} =0, st's; ~ E{s!'s1} = L and slls; ~ E{slss} = L, we can rewrite P; when the UAV is located at (z,y, z) into a more
intractable form as follows

pP2|by 2|2

22 ). B12
pP2|b1’2‘2+02)) (B12)

Pio(z,y,2) = Q(k — \/QL(SINRl (z,y,2) +

By adopting the similar derivation, the detection probability of BSs interfered with by BS; when the UAV is located at (z, y, z)
can be expressed as

pP1|ba 1]2

2 ). B13
pP1|b2,1‘2+U2)) (B13)

Psi(z,y,2) = Q(k — \/2L(SINR2(Q:, y,z) +

Eventually, according to the equation 1 — Q(z) = Q(—=x), the joint detection probability of the two BSs when the UAV is located
at (z,vy, z) can be calculated as

Pp(z,y,z) =1— (1 — P12(x,9,2)) - (1 = P21(x,y,2))

pP2|b1,2]?
pP2|b1 2|2 + o2

pP1|b2,1|2 (B14)

=1- 2L(SINR1(x, vy, z) + — ) — K).
QM (STNR1 (2, ,2) P er) )

)~ k) - Q(\/2L(SINR2(70, ¥, 2) +

Similarly, the expectation of the joint detection probability is calculated as follows

P = E{Pp(z,y,2)} = %/// Po (2, y, z)dadydz

1 Bd /zo q /hln'zx Po )d
= T z,y, z)dz.
(B — a)ibo(hmax - hmin)d ad v Y

7’1run

(B15)

It is worth noting that the above integral cannot be solved analytically, so we use numerical methods to calculate the above
integral.

Appendix C Derivation of partial derivatives of the average radar SINR and the average
joint detection probability with respect to inter-site distance d
Firstly, the partial derivatives of SINR; (z, y, z) and SINRa(z, y, z) with respect to inter-site distance d are calculated as follows

OSINRq (z,y,2) _ —2B1(d —y)(@® + (d — 9)* + (2 — hes)*)(@® + y* + (2 — hws)?)*

ad T (A1(@2 +y% 4 (2 — hes)?) + Bi(22 + y? + (2 — hes)?)2(22 + (d — y)2 + (2 — hps)?))? 1)
2(d —y)
* A1(z? 4+ y% + (2 — hs)?) + Bi(z? + y% + (2 — hes)?)? (22 4+ (d — y)? + (2 — hes)?)’
OSINRa(w,y,2)  —(2° +y° + (2 — hes)?)(242(d — y) + 4Ba(d — y)(=* + v° + (2 — hes)?) (2® + (d — v)* + (2 — hes)?))
ad B (A2(2? 4 (d — )2 + (2 — hps)?) + B2(22 + (d — )2 + (2 — hps)?)2 (22 + y2 + (2 — hgs)?))? (’ )
C2
WhereAlzppﬁ,Blzﬁzpl,A :‘;ﬂand32:%.

Then, by using the derivation formula for integrals with parameters, the partial derivatives of the average radar SINR with
respect to the inter-site distance d can be expressed as

OSINR; 1 8 J34 dy Jo© da [y mex §SINR, (2, y, 2)d

ad (B — @)zo(hmax — hmin) ad

1 1 1 OSINRq (z, y, z)
= _—SIN v e
(B - a)mo(hmx - / dy/ dx /mm — @SRy )+ g od )z

‘max 1 max 1
dw/ 7SINR ,Bd, z)dz — / dw/ 7SINR z,ad, z)dz,
(B - O‘)Io(hmax - mm) / 1( ) (ﬂ - Ol)zo(hmax - mm) 1( )

hmin hmin

(C3)
OSINRy 1 4] Bd 7 dy J5 0 da fhmax 1SINRs (2, y, z)dz
ad (8 — a)ao(hmax — hmin) ad
1 1 8SINRx(z, y, 2)
= d d ——SINR dacuhishih LI ASMEA) 1 |
(B — a)zo (hmax — hmin) / y/ z/mm ( 2(@:v.2) + 5 od )dz
ﬁ zq
+ / dw/ 7SINR ,Bd, z)dz — / / 7SINR z,ad, z)dz.
(B - O()Io(hmax - hmin) 0 Rmin 2( ) (ﬂ - Ol)lo(hmax - mm) Rmin 2( )

(C4)
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Due to symmetry, we only consider the case where the UAV is closer to BS;, ie.,, @« < B < 0.5. Consequently, we have
OSINR _ 9(max{SINR;,SINR5}) _ OSINRj
od - od - od .

By defining

D A pP2\51,2|2 _ pGC P, (05)

YT pPalbial2 402 pGCP: + 0% (2 + y2 + (= — hps)?) (2% + (d— 9)2 + (z — hps)?)
D, & pPrlb2 1 * PGCP (Co)

pPilb21|2+ 02 pGCPi +02(z? + y? + (2 — hs)?)(z? + (d — y)? + (2 — hgs)?)’
g & 0D _ —2p0*GCPy(d — y)(=® + y* + (2 — hes)®) 1)

"7 Tod (pPGCPy + 2(22 + y? 4 (2 — hps)?)(2? + (d — y)? + (z — hes)?))?’
aD —2pc?GCP(d — 24 y2 — hps)?

B, e 902 _ po 1(d —y)(=” +y~ + (2 — hgs)”) (©8)

ad (pGCPy + 0%(x2 + y2 + (2 — hps)?) (2% + (d — y)2 + (2 — hps)?))?’

and using the chain rule for derivation, the partial derivative of Pp(x,y, z) with respect to inter-site distance d are first calculated
as follows

—(/2L(SINR (z,y,2)+ D1)—r)?
OPp(n,y,2) _ [T OSINRi(z,y,2) exp(—V2EENR (i, 2) DY) )7 )

L (SR y,2) | . 2L(SINRs (z, v, D) —
ad ol ad 1) SINR: (z, 9, 2) + D1 Q2L (SINRa(@,5. ) + D2) = ) (o)
—(\/2L(SINR (%,y,2)+ Dg)—r)2
8SINRa(z, y, 2) exp( 3 )
+\/7. + E5) - . 2L(SINRi(z,y,2) + D1) — K).
(—, 2) T Q(\/2L(SINR: (2,4, 2) + D1) — r)

Similarly, by using the derivation formula for integrals with parameters, the partial derivative of the average joint detection
probability with respect to the inter-site distance d can be expressed as

0Py 1 0 [Py [0 da f:ﬂ’:;" 1Pp(z,y,2)dz
9d " (B — a)zo(humax — hmin) ad
- ! /Bd dy /mo dz/hmax(fiPD(z, g2y + L@y 2) (C10)
(8 — a)zo (hmax — hmin) Jaa 0 Jo @2 d ad
A /IO dz /hmax 1PD(ac Bd, z)dz — il /Io dx/hmax lPD(ar: ad, z)dz.
(5 - a)zo(hmax - hmin) 0 Rmin d ’ ’ B - O‘)zo(hmax - hmin) 0 Rmin d ’ ’

It is worth noting that the above integrals cannot be solved analytically, so we use numerical methods to calculate the above
integrals.
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