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Analysis of Blockage Sensing by Radars in
Random Cellular Networks

Jeonghun Park

Abstract—We characterize the detection probability of block-
age sensing by radars deployed on towers in cellular networks.
If the signal-to-interference ratio of the reflected pilot signal is
larger than the predefined threshold and there is no other block-
age between the radar and the corresponding blockage, the radar
successfully detects the blockage. Modeling radar and blockage
locations using stochastic geometry, we derive the detection proba-
bility as a function of the system parameters, chiefly the radar and
blockage densities. Leveraging the obtained expression, we pro-
vide some guidelines for efficiently deploying radars to enhance
the detection probability.

Index Terms—Radars, stochastic geometry, cellular networks,
blockage sensing.

I. INTRODUCTION

N EMERGING applications supported by wireless commu-
I nications technologies, blockage detection is useful. For ex-
ample, knowledge of blockages is side information for reconfig-
uring mmWave communications beams [1], [2]. The blockages
themselves also provide situational awareness for automated
driving. For sensing blockages in the entire street, base station
towers can be used and the blockage information is delivered to
vehicles by using vehicle-to-infrastructure communications [3].
Conventional approaches for blockage detection involve an ini-
tialization phase that may include beam training [4] or compres-
sive channel estimation [5], which becomes a source of overhead
when there is significant mobility. An alternative approach to
manage blockage events is to use radars [1] to help detect block-
ages that can be detected or avoided. This motivates codeploying
radars with the communications infrastructure. In this letter, we
analyze the detection performance using radars with a random
network model. Based on the analysis, we show how the detec-
tion performance changes depending on the radar deployment
density, blockage density, or radar sensing beamwidth.

There is some prior work on spectrum sharing between radar
and cellular communications. In [6], a cellular network shares
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spectrum with rotating radars. The base stations reduce their
transmit power when the radar’s main beam points to them,
so that the harmful effect of communications interference at
the radar decreases. In [7], an MIMO communications system
and an MIMO radar operate on the same spectrum. Beamform-
ing methods were designed to mitigate the interference caused
by the MIMO communications system on the MIMO radar. The
prior work [6], [7] considers couse of communications and radar
in the same spectrum, whereas we suppose that the radar is op-
erating in its own dedicated spectrum. Further, the analysis of
detection probability in that prior work assumed a few neigh-
boring radars whose locations are deterministic. This works for
small networks, but does not extend to large and dense cellular
networks.

Stochastic geometry is a useful tool for analyzing large net-
works by providing a means to calculate the interference dis-
tributions. Prior work derived the probability of detecting other
vehicles considering an automotive application where the vehi-
cles are equipped with radar [8]. The network topology though
was linear, making it difficult to extend the results to two-
dimensional (2-D) deployments and blockages.

In this letter, we analyze the blockage detection probabil-
ity in a cellular radar deployment. We assume that radars and
blockages are distributed in a 2-D space according to homoge-
neous Poisson point processes (PPPs). We consider a nonco-
operative individual blockage sensing scenario, where a single
radar detects one blockage, modeled as a line segment, with-
out cooperating with other radars. Assuming that the typical
blockage is located at the origin, the radar closest to the origin
is responsible for detecting the typical blockage. For success-
ful detection, we assume the following two conditions. 1) The
signal-to-interference ratio (SIR) of the reflected pilot signal
should be larger than a specific threshold. 2) There is no other
blockage except for the typical blockage in the sensing region
of the corresponding radar. Under these assumptions, we derive
the detection probability as system parameters such as radar
and blockage densities, the size of the typical blockage, and
the sensing beamwidth. Leveraging the derived expressions, we
illustrate how the detection probability changes depending on
the system parameters such as the radar density, the blockage
density, or the beamwidth used in radar sensing. These results
provide guidelines to improve the blockage detection perfor-
mance. For example, deploying more radars in a cellular net-
work is beneficial to blockage detection performance, but only
if they use the appropriate beamwidth.

II. SYSTEM MODEL

In this section, we describe the system model assumed in this
paper. First we explain how radars and blockages are spatially
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Fig. 1. Typical blockage By is located at the origin. The tagged radar located
d; is responsible for detecting the typical blockage. In the detection process,
the reflected signal is used.

distributed. Subsequently, we define the successful detection
probability.

A. Radar and Blockage Location Model

We consider a cellular network that consists of randomly lo-
cated radars and blockages. We model the radar locations as an
independent homogeneous PPP denoted as & = {d; € R?,i €
N} with density Ag. We use a line Boolean model as in [9] to
model the blockages. Lines are simple abstractions for more
complicated shapes that permit tractable analysis. The center of
the line is distributed as an independent homogeneous PPP with
density Ap. The length and the orientation of each blockage is
uniformly distributed, written as £; ~ U(0, L)and 6; ~ U(0, ),
respectively, fori € N. We assume that the typical blockage, de-
noted as By, is located at the origin. As per Slivnyak’s theorem,
the detection performance of the typical blockage represents that
of the whole networks. We also assume that the length and the
orientation of the typical blockage are £, and 6y, respectively,
without loss of generality.

We consider a noncooperative individual sensing scenario.
Networked radars could perform joint detection, which can im-
prove the blockage detection performance. This is interesting
future work. Focusing on the typical blockage, the radar clos-
est to the origin is responsible to detect the typical blockage.
A snapshot of the considered blockage sensing scenario is il-
lustrated in Fig. 1. As shown in Fig. 1, the radar located at d;
detects the typical blockage since ||d;| < ||d;|| for i > 2. We
refer to the radar located at d; as the tagged radar. Without loss
of generality, we assume that the tagged radar is horizontally
located with the center of the typical blockage as drawn in Fig 2.

B. Radar Signal-to-Interference-Plus-Noise
Ratio (SINR) Model

We first explain the blockage detection process used in
each radar. Considering a given time slot, a radar broadcasts a
pilot sequence to a particular direction. To do this, we assume
that each radar uses directional beamforming with main-lobe
beamwidth ¢. After that, a radar measures the reflected signal’s
power received within the main-lobe direction. We assume
that each radar randomly selects a pilot sequence to use,
so that a radar can obtain benefits of interference reduction
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Fig. 2. Illustration of the typical blockage By and other possible blockages.
If there is no other blockage in the pentagon I’ = P + Q + R + S, the second
condition for successfully detecting the typical blockage is satisfied. Addition-
ally, we also get some intuition regarding the cross-section area A, in this figure.
If the blockage length £ is smaller than the sensing length £, i.e., £y < &5 as
shown in the figure, the cross-section area is A, = £ sin (6p). If £y > £, then
we have A, = € sin (0p).

from cross-correlation gain if interfering radars use different
pilot sequence. Based on the received signal power, a radar
determines whether a blockage exists in the current direction.
In the next time slot, the radar changes the direction and
repeats this process. Now we describe the effective SINR of the
blockage detection process. Focusing on a particular time slot
and the tagged radar, the SINR of the reflected pilot sequence is

2
G PG (55) 42r P
SINR =

3 ey
PG (35) X525 Gilldi — a7 i + No
where G, is the auto-correlation gain and g, is the cross-
correlation gain of a pilot sequence. If a radar located at d;
uses the same pilot sequence with the tagged radar, G; = Gy,
otherwise G; = g;. Since each radar randomly selects a pilot
sequence, the probability of G; = G, is 1/N Vi, where N is
the number of sequences used in a whole network. Next, G is
the antenna gain (the same transmit/receive antenna gains are
assumed), c is the speed of light, and f is the operating fre-
quency, A, is the cross-section area of the typical blockage, r is
the distance between the tagged radar and the typical blockage,
|hi|> ~ Exp(1) is the fading coefficient from the radar location
d; to d; (Rayleigh fading is assumed), N, is the noise variance,
and B is the path-loss exponent. In addition, we assume that
the interference links are in the same single state for analytical
simplicity. Incorporating multiple link states is future work.

C. Performance Metric

In this letter, we assume two conditions for successful detec-
tion. First, the SINR (1) should be larger than the predetermined
threshold y. Note that this is a typical condition for detection
problems used in other prior work [8] too. The probability of
this first condition is P [SINR > y]. Second, there should be no
other blockage in the sensing region of the tagged radar except
for the typical blockage. If the typical blockage is blocked by
any other blockage, the tagged radar cannot detect the typical
blockage perfectly. We denote the event that the typical blockage
is blocked by other blockage as Epjock.
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Considering both conditions, the successful detection

probability is

Paeteat(y) = P [{SINR >yin {Eblock}c]

2E, [PSINR > y[r]- P [{Ea)lr]] ()

where (a) follows the assumption that every blockage is
distributed independently, given the distance to the typical
blockage r.

III. PERFORMANCE CHARACTERIZATION

In this section, we analyze the detection probability (2). We
consider the interference-limited regime in this letter. Note that
typical radar scenarios are rarely interference limited. A differ-
ence in our scenario is that radars are densely deployed in a
cellular network, so that the path loss to the typical blockage is
relatively small compared to that of other scenarios. This justi-
fies the interference-limited assumption. Under this assumption,
noise is neglected and thus the term P;(Gc /(4 f))? cancels out.

A. SIR Distribution

We first obtain the conditional SIR distribution
P [SIR > y|r]. Lemma 1 is the main result of this section.
Lemma 1: The SIR distribution conditioned on r and A, is

P [SIR > y|r, As]
(_LR ”(%,_4y)2/»‘3 ) (_ pv— 7(4E é‘%f“y)z/ﬁ )
N sinc( 2 N sinc( 2 :
—_— "“‘(ﬁ) e b (ﬂ) 3)

Proof: The proof follows the well-known results in the
stochastic geometry literature

P [SIR > y|r, As]
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where (a) follows Slivnyak’s theorem and the Laplace transform
of the exponential random variable, and A is a set of radars that
use the same pilot sequence with the tagged radar, while B is
a set of radars a different pilot sequence from the tagged radar.
Subsequently, (b) follows the probability generating functional
of a PPP.

B. Detection Probability

Leveraging Lemma 1, we analyze the detection probability
in this section. Theorem 1 is the main result in this section.

IEEE SIGNAL PROCESSING LETTERS, VOL. 25, NO. 11, NOVEMBER 2018

Theorem 1: Assuming that £y, 6, are fixed, the detection
probability with the threshold y is

P detect ( 14 )
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Proof: First, we characterize the cross-section area. To do

this, we first define the sensing length ¢;, which means the
maximal blockage length that the tagged radar is able to sense
with beamwidth ¢. Please see Fig. 2 for intuitive description.

Using the law of sine, it is easily obtained as £, = 2r si:?eidif/)z)'
As illustrated in Fig. 2, if £y < £, the cross-section area is
defined as A, = £ sin (6y) since it is the orthogonal part of the
blockage facing the tagged radar. If £y > £;, A, = £, sin (6p).

Next we calculate P [{ Epjock}€|7]. As shown in Fig. 2, if no
blockage exists in the pentagon 7 = P + Q + R + S, the typ-
ical blockage is not blocked. We first obtain the area of the
corresponding pentagon, denoted as |T'|, by using the laws of
sine and cosine as follows:

where ¢, = 2r

ré
|T| = > sin (6p) + £,¢sin (6 + 6;) (6)

= \/(Z /2)? +r? —Lsrcos (By) and 6] = arcsin
sin (90)) Due to space limitation, we omit the detail proof.
Wlth this, we have
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Incorporating this, we obtain the detection probability condi-
tioned on r as
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Fig. 3. Detection probability depending on the beamwidth ¢ and the radar
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Since r follows the well-known first touch distribution of a PPP,
incorporating the distribution of r into (8) and (9) completes the
proof. |

We observe that the derived detection probability is a func-
tion of system parameters, chiefly the radar and the blockage
densities and the radar sensing beamwidth. Using the derived
expression, the detection probability is easily evaluated for var-
ious system parameters. We note that the detection probability
(5) also can be marginalized for £, and 6, by using the uniform
distribution ¢(0, L) and U(0, ).

IV. NUMERICAL RESULTS

In this section, we explore how the detection probability
varies depending on the system parameters. First, in Fig. 3, we
describe the detection probability depending on the beamwidth
¢ and the radar density Ag while fixing other system parameters.
The system setting is explained in the caption of Fig. 3. Note
that there exists an optimal beamwidth ¢* that maximizes the
detection probability. To understand this, let’s assume that ¢
decreases. On the one hand, the cross-section area A, decreases
and this also decreases the SINR since the reflected signal
power is proportional to A, . This eventually degrades the de-
tection probability. On the other hand, the probability that other
blockages exist in the sensing region decreases, which increases
the successful detection probability. The optimal beamwidth
balances these two contrary factors so that the maximal detec-
tion probability is obtained. Another observation in Fig. 3 is
that the optimal beamwidth ¢* increases as the radar density Ar
increases. When g increases, the distance between the tagged
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Fig.4. Detection probability depending on the beamwidth ¢ and the blockage
density Ap. The system setting is as follows: Ap € {10_3, 10_4, 10_5}, ¢ e
(5°,...,60°), AR = 1073, B =4, €o =20, 6y = 45°, y = =20 dB, L = 30,
N =10,G,=0dB, g, = -3 dB.

radar and the typical blockage r is likely to decrease. Then the
reflected signal power is strong enough so the SINR degrada-
tion by decreasing ¢ might be negligible. This means that the
performance benefit by increasing ¢ dominates, therefore ¢*
increases. Finally, it is observed that the detection probability
increases as the radar density Ag increases, but only with the
optimal beamwidth ¢*. This implies that deploying more radars
without using ¢* may bring detection performance degradation.

Increasing radar deployment density is cost challenging. One
way to minimize the implementation cost is codeploying radars
with the communications infrastructure [1]. Another way is for
the base station to operate like a radar. For example, in an
mmWave communication system, a base station uses directional
beamforming while rotating its main-lobe direction to establish
initial beam association. A base station can use this to sense the
blockages.

In Fig. 4, we depict the detection probability depending on
the beamwidth ¢ and the blockage density Ag. The optimal
beamwidth ¢* increases as Ap decreases. If there are only a
few blockages in the network, the probability that other block-
ages exist in the sensing region is small enough even in the
large ¢. This encourages using large ¢, resulting in an increase
of ¢*.

V. CONCLUSION

In this letter, we analyzed the blockage detection probability
by using radars in a cellular network. To suitably capture the
effects of randomly located radars and blockages, we have ex-
ploited a network model based on homogeneous PPPs. Assum-
ing two conditions for successful detection, we have obtained the
detection probability as a function of the radar and blockage den-
sities, the beamwidth, and other system parameters. Leveraging
the obtained expression, we have had the following three major
findings. 1) Deploying more radars is advantageous for detection
performance, but only if they use the optimal beamwidth. With-
out using appropriate beamwidth, deploying more radars might
cause performance degradation. 2) The optimal beamwidth in-
creases as more radars are deployed. 3) The optimal beamwidth
increases with fewer blockages in the network.
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