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Abstract—Human blockage is one of the main challenges for
mmWave communication networks in dynamic environments.
The shadowing by a human body results in significant received
power degradation and could occur abruptly and frequently. A
shadowing period of hundred milliseconds might interrupt the
communication and cause significant data loss, considering the
huge bandwidth utilized in mmWave communications. An even
longer shadowing period might cause a long-duration link outage.
Therefore, a blockage prediction mechanism has to be taken
to detect the moving blocker within the vicinity of mmWave
links. By detecting the potential blockage as early as possible, a
user equipment can anticipate by establishing a new connection
and performing beam training with an alternative base station
before shadowing happens. This paper proposes an early moving
blocker detection mechanism by leveraging an extra guard beam
to protect the main communication beam. The guard beam is
intended to sense the environment by expanding the field of view
of a base station. The blockage can be detected early by observing
received signal fluctuation resulting from the blocker’s presence
within the field of view. We derive a channel model for the pre-
shadowing event, design a moving blockage detection algorithm
for the guard beam, and evaluate the performance of the guard
beam theoretically and experimentally based on the measurement
campaign using our mmWave testbed. Our results demonstrate
that the guard beam can extend the detection range and predict
the blockage up to 360 ms before the shadowing occurs.

Index Terms—Millimeter-wave (mmWave), joint communica-
tion and sensing, blockage prediction, human shadowing

I. INTRODUCTION

Millimeter-Wave (mmWave) frequencies are favoured in
5G and beyond-5G wireless communication networks be-
cause of the large bandwidth available for high achievable
throughput [1]. A mmWave link uses narrow directive beams
at communicating stations to compensate for the high free-
space propagation loss. However, the directive beams make
the mmWave link easily obstructed or blocked by moving
objects/humans, causing severe performance degradation.

Human activities in dynamic environments, such as walking
across the Fresnel zone of a mmWave link, could significantly
affect the mmWave communication performance. Power at-
tenuation caused by the human body, including the scatter-
ing [2] and absorption, can reach up to 34 dB, depending
on the frequency band [3]. The shadowing time caused by
human walking across a mmWave link can last for several
hundreds of milliseconds [4]. Therefore, it is necessary to
predict the human blockage before it shadows the mmWave
communication link and take the actions required to cope

with it, such as re-steering the beam to find an alternative
path or establishing a new connection with another base
station. Joint communication and sensing are envisioned in
6G networks, where sensing the surrounding environment in
the presence of humans is as important as achieving high data
rate communication [5].

Reported methods for predicting the human blockage in
mmWave communications include the use of 1) vision/camera
[6]–[8], 2) radar [9], 3) LiDAR [10], and 4) sub-6 GHz channel
[11], [12]. However, those methods require and rely on an
additional system to predict the moving blockage, thus adding
cost and complexity to the implementation.

The predictive blockage-preventing approach using an in-
band mmWave beam is proposed in [13]. The pre-blockage
radio frequency signature, the fluctuation of the received
(Rx) signal strength level occurring before the shadowing
event, is utilized to predict the future time instance of a
blockage. It is shown that the moving blockage can be detected
before shadowing occurs by leveraging the signal fluctuation
observed by the mmWave communication beam. However, the
achievable average prediction time is quite limited, from 83
ms to 90 ms as reported in [7], [13], leaving insufficient time
for the countermeasure of the blockage (e.g. handover), which
typically requires several hundreds of milliseconds [7].

Therefore, an early moving blockage detection mechanism
is essential for reliable mmWave communications. This pa-
per proposes a dynamic blockage prediction method using
a mmWave guard beam, an additional passive mmWave Rx
beam in addition to the main communication beam. As il-
lustrated in Fig. 1, the guard beam aims to detect early the
presence of a moving blocker before the main communication
link suffers from shadowing. The proposed early detection is
achieved by observing the Rx signal level fluctuation resulting
from the non-line-of-sight (NLOS) component from the User
Equipment (UE) to the guard beam of the Base Station (BS).
The existence of the guard beam extends the field of view of
BS, thus giving sufficient time for BS and UE to take action in
the prevention of blockage. Moreover, by leveraging an extra
mmWave Rx beam, no additional system but only an extra RF
chain is required on BS for the blockage prediction.

Contributions of this paper are summarized as follows:
1) We propose an early dynamic blockage prediction mech-

anism by leveraging an extra passive guard beam imple-
mented as a receiver in BS. The guard beam extends the



Fig. 1: Illustration of blockage detection using a guard beam

BS field of view, senses the environment, and detects the
potential moving blockers early.

2) We derive the channel models of the pre-shadowing
event for both the main communicating beam and the
guard beam. This blocker-position-dependent model ex-
plains how the received signal fluctuates during the pre-
shadowing event when a moving blocker approaches the
mmWave communication beam.

3) We analyze the detection capability of different con-
figurations of the main and guard beams and evaluate
the guard beam’s performance theoretically and exper-
imentally based on a measurement campaign using our
mmWave testbed. It is found that the guard beam can
extend the detection range up to 860 mm and predict the
blockage up to 360 ms before the shadowing occurs.

In Sec. II, we derive the mmWave channel models for both
the main communication beam and the sensing guard beam for
the pre-shadowing event. The blockage detection algorithm is
also explained. In Sec. III, we analyze the detection capability
of various configurations of main and guard beams. In Sec. IV,
we evaluate the prediction time of the proposed method based
on measured data. Finally, we conclude the paper in Sec. V.

II. SYSTEM MODEL AND ALGORITHM DESIGN

A. Pre-shadowing channel model

During the pre-shadowing event, the movement of a blocker
towards the main communication beam can be detected when
the blocker is within the field of view of the Rx beam, as
indicated by the outer green ellipse in Fig. 2a. By having
an additional guard beam whose focusing direction is in Φ
angle separation from the main beam’s focusing direction, the
Rx’s field of view is expanded with regard to the beam width
and separation angle, as demonstrated by the yellow ellipse
in Fig. 2b in addition to the green ellipse. Consequently, the
detection range r, defined as the maximum detectable distance
of the blocker to the direct path of the communication link,
increases. The blockage detection area is modelled in a 2-D
plane, which is transferable to a 3-D scenario.

We consider x̂ as the transmitted signal from the transmitter
(Tx), then the received signal at Rx’s main beam becomes

ŷ(p) =
√
pT ĥ(p)x̂+ ŵ, (1)

(a) Main beam only (b) Main beam & guard beam

Fig. 2: Rx’s 2-D geometrical field of view

and the received signal at Rx’s guard beam is formulated as

ŷ′(p) =
√
pT ĥ

′(p)x̂+ ŵ, (2)

where ĥ(p) and ĥ′(p) represent the channel for the main and
guard beam, respectively, and depend on the blocker’s position
p, pT is the transmit power and ŵ is the additive noise at the
receiver. The blocker’s position relative to Tx and Rx is defined
as p(r, θT , θR), which depends on the detection range r, the
azimuth angle between Tx and blocker θT , and the azimuth
angle between Rx’s main beam and blocker θR. By defining
the steering angle differences between the main and guard
beam as Φ, the azimuth angle between Rx’s guard beam and
blocker becomes θ′R = θR − Φ.

1) Main beam: The main communication beam detects the
moving blocker when the blocker position p is within the main
beam’s detection area, as illustrated in Fig. 2a. During the
pre-shadowing event, the blocker-position-dependent channel
of the main communication beam pair is defined as:

ĥ(p) =

ĥo, p /∈ Ad

ĥo +
N∑

n=1
ĥn(p), p ∈ Ad, p /∈ As.

(3)

where the detection area Ad is the area where the influence
of the blocker is as the interference to the Line-Of-Sight
(LOS) path, and the shadowing area As is the area where the
influence of the blocker is to obstruct the LOS path. When
the blocker is outside Ad, a LOS component ĥo between Tx
and Rx dominates the channel. When the blocker enters Ad

from outside of it, some signals transmitted in the direction of
the blocker are reflected off the blocker to the Rx main beam
resulting in additional N NLOS multipath components ĥn(p).
These NLOS components highly depend on the blocker’s
position. This model is only valid when the blocker is outside
of As. Otherwise, the shadowing and diffraction would affect
the direct path. Nevertheless, the channel characteristic during
the shadowing event is beyond the scope of this paper as we
aim at predicting moving blockage before shadowing occurs.



(a) Detection window (b) Standard deviation threshold

Fig. 3: Blockage detection parameters

The main beam’s LOS component is formulated as follows:

ĥo = gT (ΘT , θTo
)gR(ΘR, θRo

)
λ

4πdo
e−j 2π

λ do , (4)

where gT and gR represent the Tx and Rx array gain depend-
ing on the Half Power Beam Width (HPBW) of Tx ΘT and
Rx ΘR, as well as the azimuth LOS direction of Tx θTo

and
Rx θRo

, respectively. Typically, these Tx and Rx gains in this
direction are maximal, thanks to the prior beam training. λ is
the wavelength, and do is the LOS distance between Tx and
Rx. On the other hand, the blocker-position-dependent NLOS
component is expressed as follows:

ĥn(p) = gT (ΘT , θTn
)gRn

(ΘR, θRn
)Γn

λ

4πdn(p)
e−j 2π

λ dn(p),

(5)
where the transmit and receive gain depend on the transmit
angle θTn

and receive angle θRn
, respectively. Γn is the

reflection coefficient of the n-th NLOS component. The total
NLOS distance dn = dTn + dRn , and thus:

dn =
r

sin(θTn
)
+

r

sin(θRn
)
. (6)

2) Guard beam: As described in Fig. 2b, the detection area
of a guard beam is defined as A′

d. During the pre-shadowing
event, the guard beam channel is defined as follows:

ĥ′(p) =


ĥo

′
, p /∈ A′

d

ĥo
′
+

N∑
n=1

ĥn
′
(p), p ∈ A′

d,
(7)

where only a LOS component ĥo
′

exists when the blocker is
outside of A′

d, and additional NLOS components ĥn
′
(p) are

added when the blocker is inside of A′
d. The LOS component

of a guard beam is formulated as follows:

ĥo
′
= gT (ΘT , θTo

)g′R(Θ
′
R, θ

′
Ro

)
λ

4πdo
e−j 2π

λ do (8)

where g′R is the Rx gain of the guard beam depending on
the angle of arrival concerning the guard beam’s direction

θ′Ro
. The NLOS component of a guard beam is expressed as

follows:

ĥn
′
(p) = gTn

(ΘT , θTn
)g′Rn

(Θ′
R, ϕ, θ

′
Rn

)Γn

λ

4πd′n(p)
e−j 2π

λ d′
n(p).

(9)

In this case, the separation angle between the main and guard
beam Φ determines the g′Rn

. The NLOS distance becomes
d′n = d′Tn

+ d′Rn
, and thus:

d′n =
r

sin(θTn
)
+

r

sin(ϕ+ θ′Rn
)
. (10)

Algorithm 1 Blockage detection algorithm

Require: ŷ, ŷ′, τd, σth

zt = |ŷt + ŷt
′|

σ(t) = std{zt, zt−1, ..., zt−τd}
while σ(t) < σth do ▷ Blockage is not detected

t = t+ 1
σ(t) = std{zt, zt−1, ..., zt−τd}

end while ▷ Blockage is detected
td ← t ▷ Detection time

B. Blockage detection algorithm

The blocker’s presence is indicated by the received signal
level fluctuation when it enters the prediction area. This
received signal level volatility increases the standard deviation
of the received signal level over an observation period. We
define the observation period as the detection window τd, as
shown in Fig. 3a. The time instance when the Rx level of the
main beam starts decreasing due to shadowing is called the
shadowing time ts.

The blockage is detected when the standard deviation of
received signal level σ(t) over the detection window exceeds
a threshold σth. The time instance when σ(t) ≥ σth is defined
as the blockage detection time td, as indicated in Fig. 3b. The
difference between ts and td is defined as the prediction time
tp, which is the main metric to evaluate. Algorithm 1 explains
the blockage detection algorithm. Different σth value needs to
be assigned for different Rx beam configuration due to various
level of typical standard deviation values.

C. Guard beam implementation

A guard beam is a passive beam next to the main communi-
cation beam that only has a receiving capability. Considering
the hardware limitation of a UE, the guard beam is preferable
to be implemented on the BS side. A BS can take advantage
of the uplink training pilot transmitted by a UE to scan and
detect the potential blockage using a guard beam in which the
scanning period depends on τd.

The implementation of a guard beam requires an extra
dedicated RF chain and several antenna elements to generate
an independent Rx beam with a beamwidth of Θ′

R. A single
guard beam can be swept to the left and right sides of
the main beam alternately to protect the main beam in two



azimuth directions. Alternatively, two-sided guard beams can
be implemented at the cost of two additional RF chains other
than the main communication beam RF chain.

III. NUMERICAL ANALYSIS

The pre-shadowing channel model for the main and guard
beams is evaluated through the simulation in a 2-D plane to
estimate the Rx field of view and detection range r. We con-
sider a Uniform Linear Array (ULA) with a different number
of elements to generate various beamwidth configurations for
ΘR and Θ′

R, and apply different steering angles Φ to the guard
beam. We evaluate r for a fixed Tx-Rx distance do using
a single detection window τd. Different standard deviation
threshold σth is assigned to each beam configuration due to
the different levels of Rx fluctuation. The complete simulation
parameters are listed in Table I.

A. Rx field of view

Fig. 4 shows the Rx field of view of the main beams
and guard beams, describing the Fresnel zone around Tx and
Rx that are separated at do = 5 m. The field of view is
represented as the combined received signal level of main
beam and guard beam z(p) when the blocker is at point p
within the detection area. For this, only a single reflection
point is considered. The points where the signal experiences
constructive and destructive interference are depicted by the
curve patterns with different colours, indicating the received
signal level changes when the blocker approaches the Tx and
Rx. This explains why the received signal fluctuates heavily
during the pre-shadowing event.

When only using a main beam with ΘR = 7°, the curved
area is symmetrical because Tx has the same beam width
(ΘT = 7°) as the Rx. As described in Fig. 4a, almost no
curve pattern is observed beyond r = 200 mm due to highly
directional beams used in Tx and Rx. Consequently, the
presence of a blocker can only be detected when it is very
close to the Tx-Rx direct path. On the other hand, by using

TABLE I: Simulation and measurement parameters

Parameter Simulation Measurement
Frequency (f ) 26.0 GHz
Transmit power (pT ) 1 mW
Tx HPBW (ΘT ) 7°
Rx HPBW (ΘR, Θ′

R) 7° and 13° 7°
Steering angle (Φ) 7° and 14°
Reflection coeff. (Γ ) 0.62 [14] -
Avg. noise (w̄) -93.8 dBm -100.8 dBm
Additional Rx gain - 31 dB
Tx-Rx distance (do) 5 m
Tx and Rx height - 1 m
Detection window size (τd) 100 ms
Std. dev. threshold (σth):
• Main only (ΘR = 7°) 0.03 0.035
• Main only (ΘR = 13°) 0.1 -
• Guard (Θ′

R = 7°, Φ = 7°) 0.03 0.13
• Guard (Θ′

R = 13°, Φ = 7°) 0.03 -
• Guard (Θ′

R = 7°, Φ = 14°) 0.03 0.58
• Guard (Θ′

R = 13°, Φ = 14°) 0.03 -

(a) Main only: ΘR=7° (b) Main only: ΘR=13°

(c) Guard: Θ′
R=7°, Φ=7° (d) Guard: Θ′

R=13°, Φ=7°

(e) Guard: Θ′
R=7°, Φ=14° (f) Guard: Θ′

R=13°, Φ=14°

Fig. 4: The field of view of main and guard beams

Fig. 5: Detection range of various Rx beam configurations

additional guard beam (i.e. Θ′
R = 7°, Φ = 7° and Θ′

R = 7°,
Φ = 14°), the curved patterns are observed within a broader
range r, as shown in Fig. 4c and 4e, respectively. Thus, the
fluctuation can be detected earlier when the blocker is still
further away from Tx-Rx direct path compared to when only
using the main beam.

B. The detection range
The detection range comparison of main and guard beams

with various Rx beam configurations is shown in Fig. 5, where



Fig. 6: The main and guard
beam patterns
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Fig. 7: Measurement scenario

the green diamond indicates the average detection range of
each configuration. Increasing the beamwidth of the main
beam from ΘR = 7° to ΘR = 13° improves the detection range
slightly. However, this improvement comes with the cost of
lowering the channel gain as depicted in Fig. 4b, leading to a
reduced communication performance. By leveraging a guard
beam, the performance of the main communication beam will
not be affected.

At steering angle Φ = 7°, the guard beam with Θ′
R = 7° pro-

vides ∼140 mm better average detection range compared to
the main beam only with ΘR = 7°. By increasing the steering
angle to Φ = 14°, the average detection range improves signifi-
cantly where the achievable detection range is up to ∼860 mm.
The guard beam with wider beamwidth (Θ′

R = 13°) does not
provide better detection range compared to the narrower one.
Although the field of view is expanded, weaker level of NLOS
components are received due to lower beamforming gain, thus
causing less Rx level fluctuation in this configuration.

A strong NLOS component is experienced when the re-
flected path’s angle of arrival is aligned with the guard
beam’s steering angle. Otherwise, a weaker level of NLOS
component is received. Therefore, there are certain areas where
the receiver experiences strong and weak Rx level fluctuation,
resulting in a wide variation of the detection range.

IV. EXPERIMENTAL EVALUATION

The blockage prediction time by main and guard beams,
as well as the prediction accuracy, are evaluated through
measurement campaigns using our mmWave MIMO testbed.

A. Measurement setup and scenario
We use Butler Matrix units and MIMO testbed consisting

of multiple USRPs for the measurement. The Butler Matrix is
a mmWave front-end operating in the 26-28 GHz frequency
range. A Butler Matrix unit can either transmit or receive up
to 16 orthogonal beams in which the beam patterns depend on
the frequency used [15].

A Tx USRP transmitting the intermediate frequency
fIF = 2.4 GHz is used to generate a mmWave signal at
f = 26.0 GHz. The fIF is fed to one of the Tx Butler
Matrix input ports while an RF signal generator operating at
fLO = 11.8 GHz is connected to the Local Oscillator (LO) port

(a) Rx level fluctuation (b) Rx level standard deviation

Fig. 8: Example of pre-shadowing event

of the Butler Matrix to upconvert fIF to f . The up/down-
conversion takes place in a Butler Matrix unit with the
following calculation [16]: f = 2fLO + fIF . The generated
Tx beam has HPBW ΘT = 7°.

On the receiver side, three orthogonal beams are chosen
to represent the main beam and guard beams with different
steering angles Φ as shown in Fig. 6. The main beam (M ) has
ΘR = 7° and is aligned with the direction of the Tx beam.
The first guard beam (G1) has Θ′

R1 = 7° & Φ1 = 7°, and the
second guard beam (G2) has Θ′

R2 = 7° & Φ2 = 14°.
Both Tx and Rx USRPs run LabView Communications

MIMO Application Framework [17] in which Tx and Rx
USRPs are synchronized using Pulse Per Second and 10 MHz
reference signals. The framework uses a Time Division Duplex
signal frame structure with OFDM symbols in which the
channel estimation is based on the uplink pilot. The list of
measurement parameters is presented in Table I.

The measurements are conducted in an indoor environment
with a room size of 11×6.5 m2. The setup consists of a pair of
Tx and Rx Butler Matrix separated in do = 5 m with the height
of Tx and Rx being 1 m from the ground. The main and guard
beams capture the complex channel state information during
5 s to give enough time for a person to cross the Tx-Rx link.
During a measurement run, a person walks in the direction of
one out of three possible trajectories, as depicted in Fig. 7. In
total, 300 blockage samples are recorded. In each measurement
sample, 500 time symbols are captured every 10 ms, in which
each symbol contains 100 complex channel state information
samples of 100 subcarriers for each receive beam.

B. Blockage prediction time
The blockage prediction time (tp) metric indicates how

early the human blockage can be detected depending on the
Rx signal volatility. As shown in Fig. 8a, different Rx beam
configurations fluctuates differently. The main beam M has the
highest Rx level and the most stable one, followed by guard
beams G1 and G2. Due to the different levels of standard
deviation, different σth values are applied to all compared
three Rx beam configurations as indicated in Table I.

Fig. 9 shows the prediction time distribution of three dif-
ferent Rx beam configurations in which the green diamond
indicates the average prediction time t̄p. For the main beam M ,
the achievable average prediction time is 110.6 ms, comparable



Fig. 9: Measurement-based
prediction time

Fig. 10: Prediction time vs.
accuracy

with the average detection time in [13]. G1 and G2 provide
t̄p of 166.97 ms and 119.8 ms, with the achievable tp of up
to 290 ms and 360 ms, respectively.

On average, G1 provides 1.5 times earlier t̄p than M while
G2 does not provide a significant t̄p improvement over M
since the false detection and misdetection in G2 occur more
frequently compared to two other configurations. A larger
steering angle of G2 is intended to detect the blocker in
a further range. However, since the power transmitted to
illuminate the blocker in that range is small due to a narrow
Tx beam, a low reflected signal level is received by G2.
It makes the channel become highly affected by the noise.
Consequently, σ(t) fluctuates highly even without the presence
of a blocker. The instability of σ(t) leads to a false detection
depending on the τd and σth values. Results in Fig. 9 represent
the tp distribution when the achievable prediction accuracy of
G2 is 89%, while both M and G1 obtain 100% accuracy.

C. Trade-off: prediction time vs. prediction accuracy

Increasing σth may reduce the false detection, thus im-
proving the accuracy at the cost of t̄p reduction. The trade-
off between the prediction time and accuracy is described
in Fig. 10. Different σth values are applied to evaluate the
prediction time and the accuracy of those compared Rx beam
configurations.

For M , lowering σth to 0.025 increases t̄p to 141 ms at
the cost of accuracy reduction to nearly 85%. For G1, t̄p
of 210 ms with 91% accuracy can be achieved by lowering
the σth to 0.11. Increasing σth for M and G1 to 0.04 and
0.14, respectively, will only reduce the t̄p without affecting
the accuracy. On the other hand, increasing σth to 0.59 in
G2 reduces its accuracy due to misdetection. In practice, σth

must be appropriately adjusted depending on the environment
to achieve an optimal prediction time with high accuracy.

V. CONCLUSION

This paper proposes an early predictive method for an-
ticipating a dynamic blockage in mmWave communication
by leveraging a guard beam, an additional passive Rx beam
next to the primary communication beam. It aims to ex-
pand the detection range so that the blocker approaching the
communication beam can be detected earlier through an in-
band Rx level volatility observation during the pre-shadowing

event. Using a guard beam prevents the communication beam
performance from being sacrificed for better blockage detec-
tion without requiring any additional detection system. Pre-
shadowing event channel models for both main and guard
beams are proposed. Our evaluation shows that the guard beam
can extend the detection range and predict the blockage earlier
than the main communication beam, benefiting early dynamic
blockage detection. For future work, we will consider a more
realistic human blockage model, multiple blockers, and extend
the algorithm to estimate the blocker’s trajectory and velocity.
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