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Abstract—In this work, we consider the target detection
problem in a sensing architecture where the radar is aided by
a reconfigurable intelligent surface (RIS), that can be modeled
as an array of sub-wavelength small reflective elements capable
of imposing a tunable phase shift to the impinging waves and,
ultimately, of providing the radar with an additional echo of
the target. A theoretical analysis is carried out for closely- and
widely-spaced (with respect to the target) radar and RIS and
for different beampattern configurations, and some examples
are provided to show that large gains can be achieved by the
considered detection architecture.

Index Terms—Radar, Target Detection, Reflective Intelligent
Surfaces, Metasurfaces.

I. INTRODUCTION

One of the most striking technological innovations of the re-
cent past in the field of radio communications is represented by
metasurfaces [1]], and in particular by reconfigurable intelligent
surfaces (RISs) [2]-[4]. Traditionally, wireless communication
and radar systems have been realized based on a proper
design and optimization of the transmitter and of the receiver,
assuming that no action could be taken to improve the channel
propagation characteristics. This paradigm has been lately
challenged by the introduction of RISs, which are man-made
thin surfaces whose electromagnetic response can be electron-
ically controlled. RISs are nearly passive devices, with very
low energy consumption, which have the capability of tuning
the phase, amplitude, frequency, and polarization of reflected
impinging wavefronts [2]]. As such, they introduce further
degrees of freedom to be exploited for system optimization
and allow shaping the wireless channel impulse response. They
can be mounted outdoors on building facades or in indoor
environments on the ceiling or on walls.

RISs have attracted a lot of interest in the recent past,
and several studies have shown their usefulness for wireless
communications. E.g., [5]] has considered the downlink mul-
tiuser communication in a single-cell network with multiple
antennas at the base station, and the RIS phase offsets have
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been optimized to increase the system energy efficiency;
in [6], instead, the problem of massive access for IoT devices
has been considered, and it is shown that the RIS provides
remarkable gains to the system sum-rate. In [[7], the authors
have considered an indoor placement and have configured the
RIS phases through a deep neural network. The use of a
RIS in the context of millimeter-wave ultra massive MIMO
systems has been investigated in [8]]. Finally, the RIS-assisted
localization has been investigated in [9[]—[/1 1.

All of these works have focused on the optimization of
wireless communication systems, for either data exchange or
localization (where the network is aware of the existence of a
mobile device and can exploit the signals actively transmitted
by the collaborating device). The possible benefits that a
RIS could bring to a radar system in enhancing its detection
capabilities are, to be best of the authors’ knowledge, a still
unexplored topic, and this letter offers a first contribution
aimed at filling this gap. We consider a scenario where the
radar can transmit (or receive) through two separate beams,
one pointing in the inspected direction and one pointing
towards the RIS, which is aimed at focusing the impinging
wavefront towards the prospective target during the transmis-
sion phase or towards the radar during the reception phase. In
this framework, we provide key conditions for system design,
that relate the signal bandwidth, the carrier frequency, and
the sizes and mutual positions of radar, RIS, and prospective
target; we inspect two relevant scenarios, where the radar and
the RIS are closely- and widely-spaced, and we show that in
both scenarios the RIS phases can be properly adjusted so as to
align the echoes reaching the radar; we analyze two examples
of realistic applications, and we show that the RIS can bring
substantial improvements to the received signal-to-noise ratio
(SNR); finally, we provide a detailed discussion, where we
come up with relevant insights for system design, draw the
conclusions, and outline future developments.

II. SYSTEM MODEL

Consider a target detection problem where the radar is
assisted by an RIS, as shown in Fig. |1} and denote by P,
the radar transmit power, A the carrier wavelength, L the
number of sub-\-sized surface element of the RIS, p, d, ¢
(d), and d; ¢ (d;) the distances between the radar and the
target, the /-th element (the center) of the RIS and the radar,
and the /-th element (the center) of the RIS and the target,
respectively, and G+ and G, the gains of the radar beams
towards the target and the ¢-th element of the RIS, respectively.
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Figure 1. Considered architecture composed of a radar aided by an RIS.

We assume that the radar waveform is narrowband, so that the
delays of the target echo reaching the elements of the RIS and
of the target echo reaching the radar are not resolvable, i.e.,
max{D,;, D,s,Ds} < ¢/W, where D,, D,s, and Dy are
the size of the radar antenna pointing towards the target, of
the radar antenna pointing towards the RISP_-] and of the RIS,
respectively, c is the speed of light, and W is the radar signal
bandwidth. Furthermore, we assume min{D,.;, D,s} > A, i.e.,
that the radar antennas are directive, and D¢ >> . Finally, we
assume that the impinging wavefield can be approximated as
a plane wave in the paths between radar and target, target
and RIS, and radar and each element of the RIS; namely, we
assume that the destinations in the aforementioned hops (in
both directions) are in the far-field [12], [13], i.e.,

p > 2max{D}, D7 }/\
min{dy ¢}, > 2max{D?, D?}/\
min{d, ¢}, > 2D? /)

(D

where D is the size of the target. Observe that the whole RIS
and the radar may not be in the far-field of each other.
In this framework, we analyze the following cases.

o Case a: the radar has one transmit beam pointing towards
the target and two receive beams pointing towards the
target and the RIS.

e Case b: the radar has two transmit beams pointing
towards the target and the RIS and one receive beam
pointing towards the target; the delays corresponding to
the direct and indirect echoes are resolvableE] namely,
di+d.—p>c/W.

o Case c: same as Case b, but the delays are not resolvable,
ie,di+d,—p<c/W.

After matched-filtering with the transmit waveform and sam-
pling, if a target is present in the resolution cell under testE]

I'The radar may be equipped either with a single antenna capable of forming
two beams or with two distinct antennas.

2Notice that this case can be enforced also when the delays are not
resolvable by transmitting orthogonal waveforms from the two beams.

3Here we make the standard assumption of neglecting the system losses
caused by the possible mismatch between the sampling instant and/or pointing
angle and the true delay and/or angle of the target (beam-shape and straddling
losses [[14]]); we also neglect the signal components due to the sidelobes of the
beampatterns and, for Case b, of the autocorrelation function of the transmit
waveform.

the received discretized signal can be written as

i
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for Case a, b, and c, respectively, where: ¢ and o, are the
(unknown) target radar cross-sections (RCSs) observed from
the radar and from the RIS, respectively; 3 is the (unknown)
phase of the radar-target channel, W’M}ZL:l are the phases
of the RIS-radar channel; {¢/}L_, are the (adjustable) RIS
phases; {t:,}%_, are the (unknown) phases of the RIS-
target channel; w; and ws are the noise components, modeled
as independent and identically distributed complex circularly
symmetric Gaussian random variables with variance P, ; € €
[0, 1] is the fraction of transmit power allocated to the direction
of the target for Cases b and c; and, from the radar equation,

o= PrG%t)\z Olapp = PrGrtGrs,l)\QSsr,l (3)
(4m)3pt” (4m)tp2didZ,
a o PrGrtGTs,Z)\2Sst,f (4)
TN amtdd,

with S, ¢ and Sy ¢ denoting the (bistatic) RCSs of the /-
th reflecting element of the RIS in the target-RIS-radar and
radar-RIS-target paths, respectively.

The problem is to optimize the architecture in Fig. [I]so as to
improve the detection performance of the radar by exploiting
the additional target echo available from the RIS.

III. SYSTEM DESIGN

Depending on the size of the target, the antenna wavelength,
and the mutual distances among radar, target, and RIS, we
have two relevant situations. Namely, if £ < \/D;, where ¢
is the angle formed by the line segment linking the target and
the radar and the line segment linking the target and the RIS
(cfr. Fig. [I), then radar and RIS are seen as closely-spaced
(or co-located) by the target [[15], since they lie in the same
angular beam of the target scattering (that is proportional to
A/Dy). On the opposite extreme, we have the situation where
radar and RIS are widely-spaced with respect to the target, i.e.,
& > A/D;. In the following, we address these two situations.

A. Closely-spaced radar and RIS

In this case, we have that o, = o and ¢, = ¢;, + 3,
for £ = 1,...,L, where v, , is known['| Since v, , can be
estimated, the best performance is achieved when the RIS

4Radar and RIS are struck by a plane wave from the target, so that the
difference between the phase delay at the radar, 3, and the phase delay at
the /-th element of the RIS, v p, is uniquely determined by their mutual
positions with respect to the target.



phases are chosen as ¢, = —wéj — 1y ¢, so that all the signal
terms are phase-aligned, and (2) become
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where o, = Eszl Ogrp and oy = 25:1 asr ¢ The gener-
alized likelihood ratio tests (GLRTSs) [16] with respect to the
unknown complex parameter /oe® are
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where v > 0 is the detection threshold.
Denoting & = E[o], we have that the SNR is

a(® +a2,)
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where sNRg = o?6/P, = P,G% X %G /((47)*p*P,,) is the
SNR when the RIS is absent, and
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are the power gains of the indirect echoes with respect to
the direct one. Observe that the upper bounds on SNR; and
SNR. are achieved by properly splitting the transmit power
over the two available beams, i.e., by using ¢; = 1{K5t§1}7
and €5 = 1/(1 + Kg), where 14 = 1, if the condition A
holds true, and 1 4 = 0, otherwise.

The probability of false alarm is P, = e~7, while the
probability of detection, Py, can be found once the distribution
of o is given, and it admits the well-known, closed-form
expressions for the Marcum’s non-fluctuating case and for the
Swerling’s models [[17]].

B. Widely-spaced radar and RIS

In this case, denoting 35 = 1, 1, we have that ¢, o = 9, +
Bs, where 7,&2’ ¢ 1s known’| Again, the RIS phases can be chosen
as ¢g = —1), — Py 4, s0 that (Z) become

1 Voella wy
= i, +
X2 057 Qgp wo

5The RIS is truck by a plane wave, and the difference between the phase
delay on the first element, 1); 1 = f3s, and the phase delay on the ¢-th element,
1y.¢, is uniquely determined by their mutual positions with respect to the
target.
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where /oe!’ and /7se’s can be modeled as independent
random variables, and the GLRTSs are

2y, for Cases a and b

|1 >+ |2s [*
w

(11

‘;f,f‘ =7, for Case c.
Denoting 5 = E[o,], the SNRs for the two observations in

Cases a and b are

SNR4,1 = SNRy, SNRp,1 = €SNRq,

(1 — €)SNRoK 5475/5.

(12)
For Case c, assuming /3 and (s uniformly distributed over
[0,27), we have

SNRy,2 = SNRoK 5,05/, SNRp,2

SNR. = (e5a” + (1 — €)5,02,) /P (13)

Notice that € in Cases b and c¢ cannot be directly optimized,
since the average RCSs of the target are in general unknown. If
& and 7, are assumed to lie in [Fmin, Tmax] a0d [Ts min, Os,max)»
respectively, the choice that maximizes the worst-case Py
is obtained for Case ¢ by maximizing the worst-case SNR:
specifically, we have € = 1k <1} that gives

st0s n\ln/amln

SNRe = SNRO (14K, s /oin <1} F A1 /i 1} K 520/ 7)

(14)

For Case b, instead, €¢; depends on the target fluctuation model.

The probability of false alarm is P, = e (1 + ) for

Cases a and b and Py, = e~ 7 for Case c [17], while, again,

the probability of detection can be found once the distribution
of 0 and o is given.

IV. EXAMPLES

We consider a radar operating at 3 GHz equipped with
two 1 x 1 m uniform square arrays with a \/2 element
spacing and a cosine element pattern in both azimuth and
elevationE] and we examine two bandwidths, 1 and 10 MHz.
The RIS is a square surface with inter-element spacing
A/2; the RCS of each element is modeled as S50 =
Sst0 = m(N\/2)% cos B cosw; cos b, 4 coswy. ¢, where (6, w;)
and (0, ¢, wy ¢) are the angles of incidence (azimuth, elevation)
of the wave on the /-th element of the RIS from the target and
the radar, respectively[] The geometry of the system is depicted
in Fig. [2] with the RIS parallel to the z-z plane.

In the closely-spaced scenario, the radar antennas lie on the
z-z plane, and different RIS sizes are tested, ranging from 2
to 5 m; specifically, d,. increases with the RIS size in such a
way that the area covered by the 3-dB beamwidth of the radar
antenna is equal to the RIS surface area. In the configuration

OThis is done here just to simplify the exposition, but cheaper solutions
may be devised, since the antenna pointing towards the RIS is steady.

"This is a simple yet realistic model, where the RCS of the elements is
the product of an effective aperture and a gain, with a scan loss in the form
of some power of the cosine [18]], [[19]. It also implies that, at broadside
direction, the physical area of the RIS is equal to the sum of the effective
apertures of the elements, and the RCS of the RIS becomes the (monostatic)
RCS of a flat plate of the same size. Notice that the pair (¢, w;) does not
depend on ¢, since target and RIS are in the far-field.



D,s=1m
dr =229 m,...,

RIS
Dys=2m,...,5m

Closely-spaced

Widely-spaced

Figure 2. System geometry in the closely- and widely-spaced scenarios.

Table T
SNR GAIN [DB] IN THE CLOSELY-SPACED SCENARIO
Dgs [m] 2 2.5 3 35 4 4.5 5
dy [m] 229 28.6 344 40.1 458 515 573
Case a 478 6.17 741 853 954 105 113
Case b (10 MHz) 3.03 496 654 788 9.03 10.0 11.0
Case ¢ (1 MHz) 478 6.17 741 — — — —

with two transmit and one receive beam, Case b always holds
when W = 10 MHz, while Case ¢ holds foff]| D, < 3 m
when W = 1 MHz. The SNR gain, measured by the ratio
SNRg b, /SNRg, is reported in Table [If it is seen by inspection
that a large performance improvement can be achieved in all
operating conditions.

In the widely-spaced scenario, the radar antennas lie on
the y-z plane, while the RIS has a side length of either
3 or 5 m. In the configuration with two transmit and one
receive beam, Case b always holds for both bandwidths. An
exponential fluctuation model is considered for the RCS of the
target (a closed-form expression for P, is therefore available
for all cases), and the parameter € for Case b is selected
so as to maximize the worst-case Py when G5 min = Omin.
Fig. 3| shows P, as a function of SNRy when P, = 10~° and
0s = 0, the case without RIS has been included for the sake
of comparison. It can be seen that a performance improvement
is obtained with the RIS, and that Case a always outperforms
Case b: indeed, since K, = K, the SNR’s in Case a are
larger than those in Case b.

V. DISCUSSION

Some useful insights on the performance improvement
granted by the RIS can be gained, if the following approx-
imations are made. Assume that 6,, ~ 6,, w,y = w,,
dry = dy, and G,g ¢ ~ 47d?/A,s, where A, is the surface
area covered by the 3-dB beamwidth of the radar antenna
at a distance equal to d,, if the f-th element of the RIS
falls in the 3-dB beamwidth, and G, ~ 0, otherwise. Let

8The radar range-cell size is ¢/(2W), and we used half of this size to
check the condition that direct and indirect paths are not resolvable.
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Figure 3. Probability of detection in the widely-spaced scenario; P, = 10~6.

Agr = L()\/2)? cos 0, cosw, be the effective area of the RIS
seen from the radar, and G4 = L7 cos#, cosw; be the gain
of the RIS (seen as an aperture antenna) towards the target.
Then, Sst0 = SsreAsr ~ Ggi/L?, and

2
P Gst . Asr Ars

Ky =Ky~ min , 15

sr st d%Grt {Ars Asr ( )

since the summation over ¢ encompasses about

Lmin{l, A,s/As.} terms. This shows that the RIS should be
large and close enough so as to fill the area covered by the
radar beam (as done in the closely-spaced example of Sec.[[V)),
ie., Ay ~ A, in this case, K = Ky ~ p?Gg/(d?G ),
which can be quite large for a small, low-cost radar and a
large RIS. Basically, the radar beam pointing towards the RIS
acts as a feed antenna, that sends/receives the signal via a
large reconfigurable surface capable of electronically tunable
beamforming. This can also be seen by noticing that the SNR
corresponding to the indirect echo is

=2 =2
(o8 00,

o ~ PrGrtht)\2&
P, P, — (4m)3p2d2P,

(16)

that is just the radar equation, where the transmit or receive
radar gain has been replaced by the RIS gain. If G, is much
larger than G, one may think to use only the beam pointing
towards the RIS for both transmitting and receiving.

Finally, it is worthwhile noticing that, in the widely-spaced
scenario, the proposed system realizes a low-cost bistatic radar,
where a two-fold diversity is available in Cases a and b, thanks
to the two observations with different aspect angles; this may
also improve the estimation capabilities of the radar.

To conclude, the goal of this letter was to show that RISs
can play a crucial role also in radar applications, and to unveil
first fundamental trade-offs and main issues. Accordingly, a
basic and simple setting was considered. Further research is
needed to ascertain the beneficial effects of the RIS in more
complex and challenging scenarios involving for instance the
use of MIMO radars and of multiple distributed RISs, that can
be simultaneously used in the transmit and receive phase.
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Figure Al. Phases of the RIS-target channel in the closely-spaced scenario.

APPENDIX

On explicit request of one of the anonymous reviewers, we
report here the detailed derivations of the main results and
equations.

A. RIS-target channel phases in Footnote 4

Radar and RIS see the target from the same angle, and the
phases of the target-RIS channel, {’Lﬁt}g}g‘:l, can be expressed
as ¥; , + B, where ¢; , is known and depends only on the
mutual position of the radar and the /-th element of the RIS
with respect to the target, while [ is the phase of the target-
radar channel, as it can also be seen from Fig. @} In this
case, we have the same radar cross-section (RCS) of the target,
Va8, in both echoes.

B. GLRT'’s in Egs. (6)
The observation vector & = (z; 22)" € C? in Eq. (5a) is

mﬁeiﬁ(a>+<wl> = Aa+w
T w2

S

(A.17)

where @ = (@ a)T € R%, A = /ge!# € C is the target
response, modeled as an unknown deterministic parameter,
and w = (w; wy)' € C? is a complexy circularly sym-
metric Gaussian random vector with covariance matrix P, I.
Therefore, the density of x is

1 2
{f1 (x; A) = ﬁe_?u”m_’qa” , if the target is present

||
)

fo(z) = (,,pl yze v otherwise

(A.18)
and the maximum likelihood (ML) estimate of A under the
“target presence” hypothesis is

A = arg max f1(x; A)
AeC

= arg min ||z — Aa?
AeC
T

Thus, the GLRT is

filw; Aw) _ o (12 o= gme] )
fo(z)
JoTa|?
=ellal?Pu =4/ (A.20)
1.e.,
T,.02 2
‘Ot (13| o |Oél'1 + Olsrl‘2‘ 2 ln’y’ = (AZI)

led?Py (02 +a3,) P

as shown is Eq. (6a). The other cases can similarly be handled.

C. SNRs in Egs. (7)

The test statistic in Eq. (6), Case a, requires computing the
quantity ax, + a2 = o' x. From Eq. (A.17) we have

a'z=a (Aa+w) = A|a|?® + a'w (A.22)

so that
. _ Eldlllalt _ Elollal? _ o(?+a2,)
¢ ||| Py Py Py
as reported in Eq. (7a). The other cases can similarly be
handled. Finally, as to the maximization of SNR, and SNR.
in Egs. (7b) and (7c), we have

gale+a2,(1—e¢)
max
€€(0,1] Pw

(A.23)

max SNRy =
e€l0,1]

o max{a?, a?}
Py,

ga? aft
= —— max< 1, 5
P, «

= sNRo max{1, K} (A.24)
fOI' € = GZ = ]].{agtgaz} = I]'{Kstfl}’ and
— s /1 — 2
max SNRp = max O'(OL\/EJr st ¢
ce[0,1] €[0,1] P,
ga’ + azt
= —3 A.25
Py, ¢ )
_ o’ 14 ait
P, o?
= SNRo(1 + Kt) (A.26)
for € = €} = aﬁ% = ﬁ, respectively.

D. Detection probability in the closely-spaced scenario

Assuminéﬂ o = o non fluctuating, o exponentially dis-
tributed with mean &, or 0 gamma distributed with mean &
and variance 52 /2, we have that the detection probability is

Q(V2sNR, /27)

e~ T+SNR

(non fluctuating)

Py = (exponential)

(gamma)
(A.27)

respectively, where SNR is as in Egs. (7), and Q(-, ) is the
Marcum Q-function [16].

9These models are known as Marcum’s non fluctuating case, Swerling’s
case 1 or 3 (scan-to-scan or pulse-to-pulse fluctuation), and Swerling’s case 2
or 4 (scan-to-scan or pulse-to-pulse fluctuation), respectively.
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Figure A2. Phases of the RIS-target channel in the widely-spaced scenario.

E. RIS-target channel phases in Footnote 5

Radar and RIS see the target from different aspect angles,
and, since a plane wave is impinging on the RIS, the phases
of the target-RIS channel can be expressed as 1/’2/ ¢+ B85, where
B is the phase of the channel between the target and the first
element of the RIS, and ¢;, is known and depends only on
the mutual position of the first and ¢-th element of the RIS
with respect to the target; {¢;’ ,}E_ | are in fact the phases
of a steering vector, as it can also be seen from Fig. [A2] In
this case, we have two different RCSs of the target, \/Eeiﬁ
and /g,e+, in the two echoes, and they can be modeled as
independent random variables.

F. GLRT’s in Egs. (11) and SNRs in Egs. (12)

They can be proved as in the previous sections.

G. SNRs in Egs. (13) and (14)
From Eq. (10c), the SNR in Case c is

1 : . 2
SNR, = P—E [ ’\/0’661’604 +os(1 — e)elﬁsast ]
1 . .
=5 (E[a]aQe + 2R {E [\/Eelﬁ\/aseﬂﬁs] }
x \e(1 — €)aay + Elog]a?, (1 — e))
Since the two target responses, y/ge'” and /z,e'’s are inde-
pendent, and the phases 5 and [, are uniformly distributed
over [0,2m), we have

E[Voe’\Jose ] =E [yoe’ | E [o,e 7] =0 (A29)

and, therefore,

(A.28)

era® + (1 —€)asa?,
Pw
as shown in Eq. (13). Concerning its optimization over € €
[0,1], if & € [Gmin; Omax] and Gs € [Ts min, Ts,max)» then the
maximization of the worst-case SNR gives

SNR, = (A.30)

era® + (1 — €)a,a’,

min
P,

fol—
€, = arg max

66[0,1] a'e[a'mlma'max]
gs€ [557min 75'5,mz|x
— 2 _ 2
€0min”~ + (1 — E)Us,minast
= arg max
e€[0,1] P,

= l{és,minaitgﬁmmOﬁ}
= ]l{Ksta's,min/a'mingl} (A.31)
and this choice results in

era? + (1 — €)a,a2,

Py

SNR,| =

—*
€E=€,

*
c

3 2 . — —
{(330; = SNRo, if Kstgs,min/amin <1
2

o, _ )
o 72 7 = K4 Z*SNRg, otherwise

€E=€

6-5ast —
P, a?

= SNHO (H{Kst&s,min/&mingl}

Os
+ ]l{Ksta's,min/a'minzl}KSt3) (A.32)

as in Eq. (14).

H. Detection probability in the widely-spaced scenario
In Case c, the probability of detection is

Q(V2sNR¢, v/27)

o
e T+5WR:

SNR. —
(1 + (1131\12R)2> e 15"
2
(A.33)

respectively, where SNR is as in Egs. (7). As to Cases a and b,
Py does not admit a simple expression for these fluctuation
models, since the SNRs of the two observations are in general
different; for the exponential distribution, however, we have

(non fluctuating)

Py = (exponential)

(gamma)

1 4 SNRo
" SNR; — SNRg

1+SNR; o
€

PR = R e S e (A.34)
SNR1 — SNRg

Py

where SNR; and SNRe are those in Eq. (12).

L. RIS gains in Eq. (15)

The approximations in Sec. V are

(Or,e5 wWre) = (Or, wy) (A.352)

Ssre ~ 7(\/2)? cos O cos wy cos B, cos w;.

1
=1z L(\/2)? cos 0, cos w,. L cos 0 cos wy
Agr Gst
Aerst
- £ (A.35b)
dr,é ~ dr (A3SC)
drd?
Grse =~ 1 “Lireny (A.35d)
s

where A,, is the effective area of the RIS seen from the
radar, G4, is the gain of the RIS (seen as an aperture antenna)
towards the target, A, is the surface area covered by the 3-dB
beamwidth of the radar antenna at a distance equal to d,., and
B is the set containing the indexes of the elements of the RIS
that fall in the 3-dB beamwidth of the radar. Therefore, the
gain K, in Eq. (8) can be approximated as

2 L 2

P 47 Aerst

Koy~ —— —1 —ertst
4md2G g (; \/ A, BT )




2

1
= f (Z Lireny
L2, if Apg > Ay

d
{df

e (&
0*G

- dert o { Ars Asr

as in Eq. (15), where, in the third line, we have exploited
the fact that Zngl Lseny = L, if the 3-dB beamwidth of
the radar covers the entire RIS, ie., if A,, > A,,, and
Zle Tireny = Aps/Asy, otherwise. The same approximation
holds for K, since Sgt ¢ = Sere.

Q

h
m"_‘ |

b

) , otherwise

} (A.36)

J. Radar Equation in (16)

Under the assumption that A,.; =~ A, (i.e., that the area
covered by the 3-dB beamwidth of the radar equals the
effective area of the RIS seen from the radar), the SNR of
the indirect echo in Cases b and c is, from Egs. (3) and (15),

5a§t . ga? a?t
P, P, a2
_ P.G* NG
a (4m)3pt Py,

_ PG} NG p*Gy

" (4n)3piPy, d2Ghy

_ P.G1G NG

= UmPP &R,
as Eq. (16). The same approximation holds for the SNR of
the indirect echo in Case a, 6a§T/Pw, since K, = K.
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