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ABSTRACT In this study, we investigated a data collection system for multiple unmanned aerial vehi-
cles (UAVs) in the sky. To reduce the required data collection time for a time-division multiple access
(TDMA)-based protocol, an over-the-air computation (OAC) strategy was employed, and the average values
of data computed. In this method, multiple single-antenna sensing UAVs (sUAVs) report the sensing data to
a two-antenna data-collection UAV (dUAV) through the OAC strategy. To this end, we propose an efficient
OAC strategy using a space-time line code (STLC) scheme that can achieve a full spatial diversity gain.
Using the efficient data collection protocol of the proposed STLC-OAC strategy, the overall operation time
for data collection can be significantly reduced relative to s TDMA-based strategy. Furthermore, the proposed
STLC-OAC strategy can reduce the normalized mean square error (NMSE) of the estimated average value
of the data relative to that of the TDMA-based method. As the gap in the NMSEs between TDMA- and
STLC-OAC-based strategies was observed to increase as the number of sUAVs increased, it can be concluded
that the proposed STLC-OAC strategy is advantageous for UAV-based data collection systems, especially
when a large number of sUAVs report the sensing data.

INDEX TERMS Sensors, data collection, over-the-air computation (OAC), space-time line code (STLC),
unmanned aerial vehicle (UAV).

I. INTRODUCTION
The rapid and wide growth of the ‘‘internet of things’’ and
‘‘internet of everything’’ has increased the application of sen-
sors in various fields. For example, recently, unmanned aerial
vehicles (UAVs) have used considered to effectively collect
sensing data from images taken by UAVs [1]–[4] or from
sensors deployed over a wide ground area [5]–[9]. Owing
to the enormous applications potentials of UAVs, such as
in military, civilian-noncommercial, and civilian-commercial
applications (see references in [10] therein), data collec-
tion from distributed sensing UAVs (sUAVs) in the sky can
be considered as an interesting application of sensing data
collection. For example, air quality and pollutants can be
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monitored by UAVs [11]–[13]. The data monitored by the
multiple sUAVs are collected at a data fusion center, e.g.,
a UAV access point, vehicle access point [13], or ground base
station (GBS). The sUAVs directly transfer the monitored
data to the GBS if the channel quality from the sUAVs to
the GBS is sufficient for communication. In certain cases,
however, the direct channels between the sUAVs and GBS
can be poor, owing to the long distance between the sUAVs
and GBS (or obstacles between the sensing area and the
GBS); this causes significant path loss, and the signal strength
received directly from sUAVs can be insufficient for reliable
data collection at the GBS. To resolve this issue, one of the
sUAVs can operate as a data-collecting UAV (dUAV) that
collects, preprocesses, and transfers the data to the GBS at
a location where it can relay the collected and processed
data to the GBS. To this end, the dUAV, which is one of the
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sUAVs, moves from the sensing area to the proper location
for relaying. Alternatively, a dedicated UAV can be deployed
for cooperation.

One simple strategy to collect sensing data from distributed
sUAVs is a time-division multiple access (TDMA)-based
protocol. The TDMA-based protocol allows each sUAV to
sense and report the sensing data to the GBS or dUAV in a
predetermined order of sequential time so that interference
among the sUAVs can be avoided. Thus, the TDMA-based
protocol requires at least K time resources to collect data
from K sUAVs. If the dUAV collects the data from the K
sUAVs and the collected data must also be reported to the
GBS, the additional K -time resources are required. As the
collected data are eventually manipulated to extract meaning-
ful information, such as the average or variance of the data,
the dUAV can compute the statistical information before the
retransmission of data and retransmit it to the GBS to avoid
the additional abuse of the K -time resources. By doing this,
the dUAV retransmits the manipulated single data to the GBS
using a single-time resource. However, K time resources are
still required for the data collection from the K sUAVs; this
is a fundamental issue of the TDMA-based protocol. There-
fore, when considering a large number of sUAVs, the naive
TDMA protocol is prohibited, owing to the inefficient man-
agement of time resources for the energy-limited UAV sys-
tems. As reported in [6]–[8], [14], the time resource is one
of the critical resources for the energy-efficient operation of
UAVs, as each UAV must consume a significant amount of
energy to hover and fly while it communicates in the air.
The abuse of the time resources of the energy-limited UAV
systems has hindered the UAV-related businesses from being
expanded for various applications in the near future.

To prevent the abuse of the time resources in the
TDMA-based protocol when the dUAV computes the statis-
tics of the collected data, an efficient strategy called over-
the-air computation (OAC) [15]–[23] can be employed
in UAV-based data collection systems [13], [24]. In an
OAC-based protocol, multiple sUAVs report the sensing
data to the dUAV (or GBS) simultaneously using the
same frequency band, that is, in a coordinated multi-point
transmission [25], [26]. The multiple received signals are
merged (added) into a single signal comprising the summa-
tion of the sensing data in the air. Thus, if the dUAV tries
to detect the individual sensing data one at a time, other
signals interfere with the detected signal. However, the OAC
estimates the merged data, not the individual data, and com-
putes some statistics of the data, such as the arithmetic mean,
weighted sum, geometric mean, polynomial, and Euclidean
norm [13] (this is the reason why this strategy is called
OAC). Throughout this study, we focus on the computation
of the arithmetic mean of sensing data using multiple sUAVs.
Many of the existing studies on OAC assume that multiple
antennas are employed at the transmitter (i.e., the sUAV in our
system model). However, owing to the high signal process-
ing complexity, the power consumption costs, and the size,
weight, and power (SWAP) constraints on the UAVs [27], it is

quite costly to employ multiple antennas at sUAVs. There-
fore, a single antenna is assumed for the sUAVs. Moreover,
we relax the SWAP constraints for the dUAV so that two
antennas are employed at the dUAV. The conventional OAC
strategy is still difficult to employ directly, because sUAVs
have a single antenna.

To employ the OAC strategy to compute an arithmetic
mean in the considered UAV data collection system, in which
multiple single-antenna sUAVs report the sensing data to
a two-antenna dUAV through the OAC strategy, we pro-
pose an efficient OAC strategy based on the space-time
line code (STLC) scheme proposed in [28]–[30]. The STLC
transmitter encodes the information symbols by using chan-
nel state information (CSI) and transmits them through a
single antenna (not necessarily multiple antennas), and a
two-antenna STLC receiver at the dUAV can achieve a full
spatial-diversity gain by simply combining the received sig-
nals without the full CSI [31]. As it exploits the simplic-
ity and full spatial diversity gain of the STLC, the STLC
scheme has been extensively applied in various wireless
communication systems, such as multiuser or multi-stream
multiplexing systems [29], [32]–[36], cooperative commu-
nication systems [37]–[39], orthogonal frequency-division
multiplexing systems [40], vehicular and UAV systems [14],
[41], security-aware systems [42], [43], and antenna selection
systems [44]–[46]. Here, the CSI is assumed to be avail-
able at the transmitter under the assumption that the uplink
and downlink channels are symmetric in a time-division
duplex (TDD) mode. Because the CSI is required at the
sUAV rather than the dUAV, the required training period for
the CSI estimation of the STLC-based OAC (STLC-OAC)
systems can be significantly reduced relative to that of a
TDMA-based system. Moreover, multiple sUAVs can report
the sensing data simultaneously, and the required reporting
time can also be reduced. Although additional reporting times
are required for the OAC, the overall operation time can
be significantly reduced by using the proposed STLC-OAC
strategy. Therefore, the operation time of UAV systems can be
prolonged, resulting in an increase in UAV-related commer-
cial opportunities. The evident benefit of the operation time
reduction aside, the proposed STLC-OAC method provides a
better estimation performance than the conventional TDMA-
based method; this is verified by comparing the normalized
mean-square errors (NMSEs) of the average values of the
data as estimated through the TDMA-based and STLC-OAC
strategies. One important observation is that the performance
improvement increases as the number of sUAVs increases.
Therefore, it can be surmised that the proposed STLC-OAC
strategy is relevant for UAV-based data collection systems,
especially when there are a large number of sUAVs reporting
the sensing data. The proposed STLC-OAC strategy between
sUAVs and a dUAV (i.e., cooperative communication from
sUAVs to a GBS via a dUAV) can also be applied for direct
communication between sUAVs and a GBS.

The remainder of this paper is organized as follows.
The UAV system and signal models for sensing data
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FIGURE 1. Data collection scenario from multiple sUAVs. In this example, 10 sUAVs from sUAV 1 to sUAV 10 are
illustrated, i.e., K = 10. sUAV k reports the sensing data xk to a dUAV. The dUAV, with two antennas collects the
sensing data xk from the sUAVs with a single antenna and computes the average value of the sensing data, i.e., E[xk ].

collection are introduced in Section II. In addition, a con-
ventional TDMA-based data-collection strategy is intro-
duced. In Section III, the STLC-OAC strategy is proposed.
Section IV presents the verification of the proposed strat-
egy by comparing the NMSE performance with that of the
conventional TDMA-based strategy. Finally, Section V con-
cludes the paper.
Notations: The superscripts T , H , ∗, and −1 denote a

transposition, Hermitian transposition, complex conjugate,
and inversion, respectively, for any scalar, vector, or matrix.
The notation |x| denotes the absolute value of x, and
x ∼ N (0, σ 2) means that a real-value random variable x
conforms to a normal distribution with a zero mean and
variance σ 2; x ∼ CN (0, σ 2) means that a complex random
variable x conforms to a complex normal distribution with a
zero mean and variance σ 2. E[x] represents the expectation
value of the random variable x.

II. SENSING DATA COLLECTION UAV SYSTEM MODEL
As illustrated in Fig. 1, a data collection scenario is con-
sidered with K sUAVs and one dUAV, where K = 10.
Each sUAV has a single antenna, whereas the dUAV has two
antennas. The kth sUAV senses a target value denoted by
xo ∈ R1×1, i.e., a ground truth value, and reports it to the
dUAV, where k ∈ K = {1, . . . ,K }. The sensing value xk of
sUAV k includes the measurement error vk , which is modeled
as additive white Gaussian noise (AWGN) as follows:

xk = xo + vk , (1)

where vk ∼ N (0, σ 2
v ). The dUAV collects the sensing data

from the sUAVs, computes the average of all of the measure-
ments, i.e., X = E{xk}, and transmits it to a GBS. As noted
above, each sUAV has a single antenna owing to the SWAP
limitation, whereas the dUAV has two antennas. However,
the results of this study can be readily extended to sUAVs
with multiple antennas if the SWAP limitation of the UAVs
is resolved. The channel between the sUAV k and dUAV is
defined as hk = [hk,1, hk,2]T ∈ C2×1, where hk,n is the
channel between the antenna of the kth sUAV and nth antenna

of the dUAV. For simplicity, the channels are assumed to be
independent and identically distributed (i.i.d.) random vari-
ables with a CN (0, 1) distribution, that is Rayleigh fading
channels. Notably, the results in this study do not depend
on the channel model, and are relevant for different types of
channel models, for example, a Rician channel model with a
line-of-sight channel, as a single data stream transmission is
considered for each sUAV for the given channels.

A. TDMA-BASED STRATEGY
Wefirst introduce a TDMA-based naivemethod for the dUAV
to obtain the average value of the sensing data from the
sUAVs. At the kth time, the kth sUAV measures xk and
transmits it to the dUAV. The received signal of the dUAV
at time k is expressed as

yk = hkMM (QN (xk ))+ nk , (2)

where MM (·) is a function for modulation with size M with
|MM (·)|2 = P; QN (xk ) represents the N -bit quantization of
xk , i.e., an analog-to-digital converter, and nk ∈ C2×1 is an
AWGN vector at the dUAV at time k . Here, P is the transmit
power of sUAV k , and the transmit power is limited by P for
all sUAVs. The variance of the AWGN at each antenna of
the dUAV is denoted by σ 2

n throughout this study. From yk ,
the dUAV obtains the estimate of xk as follows:

x̃k = Q−1N

(
M−1

M

(
hHk
‖hk‖2

yk

))
(3a)

= Q−1N

(
M−1

M

(
MM (QN (xk ))+

hHk nk
‖hk‖2

))
(3b)

= Q−1N
(
Q̃N (xk )

)
(3c)

, xk + ek,AWGN + ek,QTZ , (3d)

where Q−1N (·) represents the digital-to-analog conversion
from N bits to an analog signal,M−1

M (·) is the demodulation
of modulated symbols with size M , and ek,AWGN and ek,QTZ
are the error terms caused by the AWGN and quantization,
respectively.
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FIGURE 2. TDMA-based sensing data collection scenario with three sUAVs (i.e., K = 3). Each sUAV transmits in an orthogonal time
slot. (a) Training for estimating CSI at dUAV. (b) Data reporting based on the TDMA strategy.

After all K sUAVs report the data during the K time slots
by repeating the same procedures in (2) and (3) for all k ∈ K
across orthogonal times, i.e., a TDMA procedure, the dUAV
can obtain all estimates from all sUAVs and estimate the
average value X̃ of the estimated sensing data x̃ as follows:

X̃TDMA =
1
K

∑
k∈K

x̃k (4a)

=
1
K

∑
k∈K

xk

+
1
K

∑
k∈K

(
ek,AWGN + ek,QTZ

)
(4b)

= X + eTDMA, (4c)

where X is the true average value of measurements {xk}
that the dUAV intends to estimate, and eTDMA is the esti-
mation error, including the effects from the quantization and
AWGN in the TDMA-based data collection method. From
(4), the NMSE is defined as a performance metric as follows:

NMSETDMA = E


∣∣∣X − X̃TDMA∣∣∣2
|X |2


= E

[
|eTDMA|2

|X |2

]
≤

E |eTDMA|2

E |X |2
, (5)

where the expectation is performed for a fixed channel over
noise, and the inequality comes from Jensen’s inequality.

As described, the estimated average value from the
TDMA-based data collectionmethod is distorted by the quan-
tization error and AWGN. Furthermore, one cycle of the data
report of the TDMA-based method requires the following
number of transmission time slots:

tTDMA = K
(⌈

N
M

⌉
+ 1

)
(6)

for the report from theK sUAVs, each sUAVneeds to transmit
at least

⌈ N
M

⌉
information symbols and one pilot symbol. Here,

for reliable communications, typically
⌈ N
M

⌉
≥ 1, and thus,

tTDMA ≥ 2K .

For example, at least six time slots are required to estimate
the average value of the sensing data from the three sUAVs
using the TDMA-based method, as illustrated in Fig. 2.
To reduce the quantization error, N can be increased, but this
also increases the number of required transmission time slots,
tTDMA, for the TDMA. Alternatively, to overcome the AWGN
effect, M can be decreased, yet this also increases the time
required for the TDMA, i.e., tTDMA. The increase of tTDMA
is inefficient and may cause significant latency and discrep-
ancy between the sensing measurement and actual values.
Moreover, each sUAV needs to wait for (K − 1)

(⌈ N
M

⌉
+ 1

)
slots until all other (K − 1) sUAVs complete their reports,
which is also inefficient in terms of energy consumption.
As each UAV is a highly energy-limited system, a con-
ventional TDMA-based strategy is irrelevant for UAV-based
data collection systems. An OAC strategy can resolve these
issues.

B. OAC-BASED STRATEGY
In OAC, all sUAVs transmit data simultaneously, and
the received signal at the dUAV is then written as
follows:

y =
∑
k∈K

hkcxk + n, (7)

where c is a transmit power normalization factor for fulfilling
the maximum transmit power constraint P, i.e., |cxk |2 ≤ P,
and n ∈ C2×1 is an AWGN vector at the dUAV. The transmit
power normalization factor c is computed at the dUAV and
broadcasted to all of the sUAVs. Later, we elaborate on how
the sUAVs obtain the factor c.

Notably, the channels cannot be eliminated at the sUAVs
because the sUAVs use a single antenna. In addition, the chan-
nel effect cannot be removed from the received signal at
the dUAV, as the channels are merged in the air. Accord-
ingly, conventional OAC techniques using multiple transmit
antennas, for example, [13], [17], [20], [23], are not directly
applicable to sUAVswith a single antenna. In the next section,
we propose a novel STLC-OAC strategy for single-antenna
sUAVs such that the dUAV can readily estimate the average
of the sensing data.
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III. PROPOSED STLC-OAC STRATEGY
In this section, a novel STLC-OAC strategy is proposed.
We introduce the STLC-based transmission and then elabo-
rate on the protocol for the proposed strategy by discussing
how the transmit power normalization factor c in (7) can be
obtained for all sUAVs.

A. STLC-BASED TRANSMISSION
In the first phase, the dUAV broadcasts a pilot/traning signal,
such that all sUAVs estimate the corresponding channels.
Considering a TDD system, the channel from the dUAV to the
sUAV and that from the sUAV to the dUAV are assumed to be
symmetric. Using the CSI, the kth sUAV generates two STLC
symbols sk,1 and sk,2 from the sensing data xk as follows:

sk,1 = h∗k,1xk + h
∗

k,2x
∗
k = (h∗k,1 + h

∗

k,2)xk , (8a)

sk,2 = h∗k,2x
∗
k − h

∗

k,1xk = (h∗k,2 − h
∗

k,1)xk , (8b)

and sequentially transmits them to the dUAV. Notably,
x∗k = xk as it is a real-valued measurement, and one infor-
mation data is used to construct the two STLC symbols (i.e.,
not two information symbols as in the conventional STLC
in [28], [29]). After weighting the STLC signals sk,t with
wk,t ∈ C1×1 for the OAC at the dUAV and with transmit
power normalization factor c, the kth sUAV transmits

cwk,tsk,t , k ∈ K (9)

at the tth transmission slot (t ∈ {1, 2}). The received signals
from all of the sUAVs are then written as follows:

y1,1 =
K∑
k=1

hk,1cwk,1sk,1 + n1,1, (10a)

y2,1 =
K∑
k=1

hk,2cwk,1sk,1 + n2,1, (10b)

y1,2 =
K∑
k=1

hk,1cwk,2sk,2 + n1,2, (10c)

y2,2 =
K∑
k=1

hk,2cwk,2sk,2 + n2,2, (10d)

where yn,t is the signal received by antenna n at time t , and
nn,t ∈ C1×1 is the AWGN at yn,t . For the STLC, the channels
are assumed to be static for two consecutive transmission
times, namely t = 1 and t = 2, yet they may vary in the
next STLC transmission for a new sensing data report, i.e., the
channel is modeled as a block-fading channel.

The dUAV combines the received signals in (10) to decode
the STLC signals as follows:

y1,1 + y∗2,2 − y1,2 + y
∗

2,1

= c
K∑
k=1

(
hk,1wk,1sk,1 + h∗k,2w

∗

k,2s
∗

k,2
)

+n1,1 + n∗2,2

+c
K∑
k=1

(
−hk,1wk,2sk,2 + h∗k,2w

∗

k,1s
∗

k,1
)

−n1,2 + n∗2,1

= c
K∑
k=1

wkγkxk + c
K∑
k=1

w∗kγkxk

+n1,1 + n∗2,2 − n1,2 + n
∗

2,1, (11)

where γk = |hk,1|2 + |hk,2|2.
By designing the weightswk,t aswk,1 = w∗k,2 = wk = γ

−1
k

to eliminate the inter-symbol interferences, the combined
STLC signals in (11) can be derived as follows:

y1,1 + y∗2,2 − y1,2 + y
∗

2,1 = 2 c
K∑
k=1

xk + n, (12)

where n = n1,1 + n∗2,2 − n1,2 + n∗2,1. From (12), the dUAV
obtains the estimated average of the sensing data as follows:

X̃STLC =
1

2 cK

(
y1,1 + y∗2,2 − y1,2 + y

∗

2,1
)

=
1
K

K∑
k=1

xk +
n

2cK

= X +
n

2cK
. (13)

The NMSE is derived from (13) as follows:

NMSESTLC = E


∣∣∣X − X̃STLC ∣∣∣2
|X |2


= E

[∣∣ n
2cK

∣∣2
|X |2

]

≤
E
∣∣ n
2cK

∣∣2
E |X |2

=
σ 2
n

c2K 2 E |X |2
. (14)

B. DESIGN OF TRANSMIT POWER NORMALIZATION
FACTOR c
As shown in (9), all sUAVs must know the transmit power
normalization factor c to encode the STLC symbols. In addi-
tion, to estimate the average value of the sensing data,
as shown in (13), the dUAV must know the transmit power
normalization factor c and number of sUAVs, i.e., K . It is
assumed that the number of sUAVs is predetermined and at
the dUAV. However, the transmit power normalization factor
c is difficult to be determine at both the sUAVs and dUAV
because it depends on the transmit symbol {sk,t } of all the
sUAVs, namely the channel state information hk,n and sensing
data xk . To resolve this implementation issue, we propose
a strategy for designing and sharing c with the dUAV and
sUAVs.

Because the transmit power of each sUAV is limited by P,
that is |cwk,tsk,t |2 ≤ P in (9), the following inequality should
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FIGURE 3. Numerical results (one snapshot) over the transmit (Tx) power normalization factor c for the OAC when K = 10, σ2
v = 0.01,

N = 4, M = 2, and P/σ2
n = 15 dB. Here, the ground truth measurement value is set as xo = 0.3. (a) Ratio of the number of reporting

sUAVs K ′ over total number of sUAVs K . (b) Transmit power of sUAV when P = 1. (c) NMSE.

be satisfied:

c ≤

√
P

|wk |2|sk,t |2
, t ∈ {1, 2}. (15)

Here, if c is too large, the constraint in (15) becomes
too stringent, such that the number of sUAVs fulfilling (15)
decreases and number of reporting sUAVs decreases; this is
shown in Fig. 3(a), where a reporting sUAV ratio K ′/K is
evaluated across c. Here,K ′ is the number of sUAVs fulfilling
(15) and reporting the sensing data, whereas the (K − K ′)
sUAVs do not fulfill (15) and do not report. In addition,
the transmit power of each sUAV increases as c increases,
as shown in Fig. 3(b). The reduction in the number of report-
ing sUAVs reduces the fidelity of the estimation even with
the greater transmit power of each reporting sUAV, resulting
in an increase in the NMSE. This can be observed when
c > 1.7, as shown in Fig. 3(c). If c is too small, the number of
reporting sUAVs increases as observed in Fig. 3(a); however,
the transmit power of each sUAV is severely suppressed,
as observed in Fig. 3(b), resulting in a poor estimation per-
formance, as observed in Fig. 3(c). As observed in Fig. 3,
the optimal transmit power normalization factor co activates
all sUAVs to report the sensing data and should also be as
large as possible to increase the transmit power of the sUAVs.
Therefore, the optimal transmit power normalization factor co

is designed as follows:

co = min
k∈K

bk , (16)

where bk is the upper bound of the transmit power normal-
ization factor of sUAV k that is defined from (15) as

bk , min
t∈{1,2}

√
P

|wk |2|sk,t |2

= min

{
γk
√
P

|sk,1|
,
γk
√
P

|sk,2|

}

= min
{(
|hk,1|2 + |hk,2|2

)√
P

|(h∗k,1 + h
∗

k,2)xk |
,

(
|hk,1|2 + |hk,2|2

)√
P

|(h∗k,2 − h
∗

k,1)xk |

}
. (17)

C. SIGNALING SCENARIO TO OBTAIN TRANSMIT POWER
NORMALIZATION FACTOR c
Now, we introduce the scenario for obtaining co in (16) for
both the dUAV and sUAVs. In the first time slot, the dUAV
broadcasts a pilot signal p using the first antenna, and sUAV k
estimates hk,1. In the second time slot, the dUAV broadcasts
a pilot signal p using the second antenna, and sUAV k esti-
mates hk,2. Accordingly, sUAV k has its own channel state
information, i.e., {hk,1, hk,2}, and can compute bk in (17). All
sUAVs then report bk to the dUAV sequentially in orthogonal
time slots. The dUAV then determines the optimal transmit
power normalization factor based on (16) and broadcasts it
to all sUAVs. All sUAVs then generate the STLC signals as
in (8), normalize them as in (9), and report the sensing data
by using the STLC simultaneously. Therefore, one cycle of
the data report of the STLC-based OAC method requires the
following transmission time:

tSTLC = K + 5, (18)

where two slots are for training, K slots are for reporting bk ,
one slot is for broadcasting co, and two slots are for reporting
via the STLC scheme in (9). Comparing (18) and (6), it should
be emphasized that the proposed STLC-based OAC method
requires fewer time slots relative to that of the TDMA-based
method if there are more than four sUAVs, that is, if K > 5.

For an example of the proposed STLC-OAC strategy, eight
slots are required for one cycle of data report from three
sUAVs as illustrated in Fig. 4, and the general procedure of the
STLC-OAC from the sUAVs is summarized in Algorithm 1.

IV. PERFORMANCE COMPARISON AND DISCUSSION
A. UAV OPERATION TIME
Fig. 5 shows the number of required time slots for one cycle
of data report in a TDMA-based strategy, that is, (6), as com-
pared to that in an STLC-OAC strategy, that is, (18). Here,
the number of information symbols for the TDMA-based
strategy, i.e.,

⌈ N
M

⌉
, varies from 1 to 12 according to the
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FIGURE 4. Proposed STLC-based OAC method, in which one dUAV computes the average value of the sensing data from three sUAVs.
(a) Training for CSI estimation at sUAVs. (b) Reporting the bound of transmit power normalization factor bk in (17). (c) Broadcasting
the transmit power normalization factor co in (16). (d) Reporting data based on STLC-OAC strategy.

Algorithm 1 Proposed STLC-Based OAC Method
1: t = 1: dUAV sends a pilot signal through the first antenna

and all sUAVs estimate hk,1.
2: t = 2: dUAV sends a pilot signal through the second

antenna and all sUAVs estimate hk,2.
3: for t = 3 to K + 2 do
4: The kth sUAV computes and reports bk to dUAV at

time slot t , where k = t − 2.
5: end for
6: t = K + 3: dUAV computes and broadcasts co to all

sUAVs.
7: t = K + 4: All sUAVs reports data simultaneously by

using the first STLC symbol transmission in (9), and the
dUAV receives y1,1 and y2,1.

8: t = K + 5: All sUAVs reports data simultaneously
by using the second STLC symbol transmission in (9),
and the dUAV receives y1,2 and y2,2 and estimates X̃
From (13).

number of bits for quantization N and modulation size M .
As shown in the results, the number of required time slots
increases as the number of sUAVs increases. Even though
the TDMA-based strategy transmits one information symbol,
i.e.,

⌈ N
M

⌉
= 1, the required number of time slots for the

TDMA-based strategy is much greater than that of the pro-
posed STLC-OAC strategy, especially when there are many
sUAVs, i.e., when K is large. From the results, it is evident
that the proposed STLC-OAC can prolong the UAV operation
time, and thereby expand the UAV-related business for data
collection.

B. COMMUNICATION PERFORMANCE
In this section, the numerical results obtained with var-
ious simulation parameters are presented and discussed.
Here, the system signal-to-noise ratio (SNR) is defined as
P/σ 2

n dB. For the TDMA-based strategy, a uniform quantizer
between −1 and 1 was used to digitize the sensing data.
For the proposed STLC-OAC strategy, the transmit power
normalization factor c was obtained following the scenario

FIGURE 5. Comparison of the numbers of the required time slots for one
cycle of data report over the number of sUAVs, K , from 2 to 382.

described in Section III-C. The simulation was performed
for different values of ground truth sensing data xo ∈
{0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9}, and the
results are shown in nine subfigures from (a) to (i).

In Fig. 6, the NMSEs of the TDMA-based strategy and pro-
posed STLC-OAC strategy are compared across the system
SNRwhen ten sUAVs (i.e.,K = 10) report the sensing data to
the dUAV. For the TDMA-based strategy, a four-bit uniform
quantizer between −1 and 1 was used to digitize the sensing
data (as mentioned above), and quadrature phase-shift keying
modulation was employed, namely, N = 4 and M = 2. The
sensing error variance was assumed as σ 2

v = 0.01. From
these results, it is evident that the NMSE decreases as the
SNR increases. In particular, in the low SNR regime, the pro-
posed STLC-OAC strategy outperforms the TDMA-based
strategy. In general, the proposed STLC-OAC strategy can
achieve an NMSE performance comparable to that of the
TDMA-based strategy. It should be reemphasized that the
required number of time slots for the proposed STLC-OAC
strategy is K + 5 = 15, whereas that of the TDMA-based
strategy is K

(⌈ N
M

⌉
+ 1

)
= 30. Thus, considering the energy

consumption of the dUAV and sUAVs, it can be surmised

105236 VOLUME 9, 2021



J. Joung, J. Fan: Over-the-Air Computation Strategy Using Space–Time Line Code for Data Collection

FIGURE 6. NMSE comparison between TDMA-based strategy and proposed STLC-OAC strategy when computing the average value of the
sensing data from multiple sUAVs over the SNRs, when K = 10, σ2

v = 0.01, N = 4, and M = 2. (a) xo = 0.1. (b) xo = 0.2. (c) xo = 0.3.
(d) xo = 0.4. (e) xo = 0.5. (f) xo = 0.6. (g) xo = 0.7. (h) xo = 0.8. (i) xo = 0.9.

FIGURE 7. NMSE comparison between TDMA-based strategy and the proposed STLC-based OAC strategy when computing the average
value of the sensing data from multiple sUAVs over the SNRs, when K = 10, σ2

v = 0.01, N = 4, and M = 4. (a) xo = 0.1. (b) xo = 0.2.
(c) xo = 0.3. (d) xo = 0.4. (e) xo = 0.5. (f) xo = 0.6. (g) xo = 0.7. (h) xo = 0.8. (i) xo = 0.9.

that the proposed STLC-OAC strategy is a more effective
strategy for dUAVs to collect the sensing data from sUAVs
and compute their average values.Moreover, the performance
of the TDMA-based strategy highly depends on the design of
the quantization and modulation size, namely N and M , and
the amount of measurement error, i.e., σ 2

v .
As shown in Fig. 7, to reduce the required time slots for

the TDMA-based strategy, the modulation size M can be
increased from two to four. As a result, the required number
of time slots is reduced from 30 to 20 with the sacrifice of
the performance, i.e., the NMSE of the TDMA-based strategy
increases. Nevertheless, the number of required time slots is

still greater than that of the proposed STLC-OAC strategy.
In this case, the proposed STLC-OAC strategy outperforms
the TDMA-based strategy in terms of both performance and
energy efficiency. Furthermore, the proposed STLC-OAC
strategy outperforms the TDMA-based strategy irrespective
of the ground truth value, xo, if the SNR is lower than 10 dB.
In Fig. 8, the NMSEs are evaluated over σ 2

v , i.e., the vari-
ance of the sensing data, when the SNR is fixed at 15 dB,K =
10, N = 4, and M = 4 (where N = M is the most energy
efficient configuration for the TDMA-based strategy). From
the results, it is observed that the NMSE performances of
both the TDMA-based and STLC-OAC strategies are almost
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FIGURE 8. NMSE comparison between TDMA-based strategy and proposed STLC-based OAC strategy when computing the average value of
the sensing data from multiple sUAVs over the sensing error amount, i.e., σ2

v , when the SNR is 15 dB, K = 10, N = 4, and M = 4.
(a) xo = 0.1. (b) xo = 0.2. (c) xo = 0.3. (d) xo = 0.4. (e) xo = 0.5. (f) xo = 0.6. (g) xo = 0.7. (h) xo = 0.8. (i) xo = 0.9.

FIGURE 9. NMSE comparison between TDMA-based strategy and the proposed STLC-based OAC strategy when computing the average
value of the sensing data from multiple sUAVs over the modulation size M for the TDMA-based method, when the SNR is 15 dB, σ2

v = 0.01,
K = 10, and N = M. (a) xo = 0.1. (b) xo = 0.2. (c) xo = 0.3. (d) xo = 0.4. (e) xo = 0.5. (f) xo = 0.6. (g) xo = 0.7. (h) xo = 0.8. (i) xo = 0.9.

independent of the amount of sensing errors, that is, the vari-
ance σ 2

v of the sensing data. The results, also verify that the
proposed STLC-OAC strategy outperforms the TDMA-based
strategy irrespective of the sensing error.

In Fig. 9, the NMSEs are evaluated over the modula-
tion size, i.e., M , for the TDMA-based method when the
SNR is fixed at 15 dB, σ 2

v = 0.01, K = 10, and
N = M . As expected, the performance of the TDMA-based
method deteriorates as M increases from four, because
the decoding error increases at the dUAV. In most cases,
except that shown in Fig. 9(c), the NMSE decreases when
M changes from two to four. This is because the benefit

obtained from the increase in the quantization resolution
(i.e., the increase in N from two to four) is greater than
the deterioration caused by the increase in the modulation
size. From the results, it is observed that the proposed
STLC-OAC strategy outperforms the TDMA-based strategy
regardless of the modulation size used for the TDMA-based
scheme.

In Fig. 10, the NMSEs are evaluated over the quantization
bits, i.e., N , for the TDMA-based strategy when the SNR is
fixed at 10 dB, σ 2

v = 0.01, K = 10, andM = 2. As expected,
the performance of the TDMA-based strategy improves as N
increases, because the quantization error decreases. However,
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FIGURE 10. NMSE comparison between TDMA-based strategy and proposed STLC-based OAC strategy when computing the average value of the
sensing data from multiple sUAVs over the quantization bits N for the TDMA-based method, when the SNR is 10 dB, σ2

v = 0.01, K = 10, and
M = 2. (a) xo = 0.1. (b) xo = 0.2. (c) xo = 0.3. (d) xo = 0.4. (e) xo = 0.5. (f) xo = 0.6. (g) xo = 0.7. (h) xo = 0.8. (i) xo = 0.9.

FIGURE 11. NMSE comparison between TDMA-based strategy and proposed STLC-based OAC strategy when computing the average value of the
sensing data from multiple sUAVs over the quantization bits N for the TDMA-based method, when the SNR is 10 dB, σ2

v = 0.01, K = 50, and
M = 2. (a) xo = 0.1. (b) xo = 0.2. (c) xo = 0.3. (d) xo = 0.4. (e) xo = 0.5. (f) xo = 0.6. (g) xo = 0.7. (h) xo = 0.8. (i) xo = 0.9.

it should be noted that the required number of time slots
for the TDMA-based strategy increases as N increases for
at fixed M . This causes a significant increase in the energy
consumption of the sUAVs. Furthermore, the results show
that the performance of the proposed STLC-OAC strategy is
comparable to that of the TDMA-based strategy. However,
if there are many sUAVs, that is, if K increases, the proposed
STLC-OAC strategy always outperforms the TDMA-based
strategy; this can be observed in Fig. 11, where the number
of sUAVs is set as K = 50.

To clarify the merits of the proposed STLC-OAC strat-
egy, the NMSEs were evaluated over the number of sUAVs,
as shown in Fig. 12. In general, the NMSE decreases as the
number of sUAVs K increases, as a more accurate estima-
tion is possible by averaging the AWGN. From the results,
as expected, the proposed STLC-OAC strategy outperforms
the TDMA-based strategy. Overall, it is a good strategy for
computing the average value of the sensing data from mul-
tiple sUAVs, especially when there are a large number of
sUAVs reporting the sensing data.
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FIGURE 12. NMSE comparison between TDMA-based strategy and proposed STLC-based OAC strategy when computing the average
value of the sensing data from multiple sUAVs over the number of sUAVs when the SNR is 10 dB, σ2

v = 0.01, N = 4, and M = 2.
(a) xo = 0.1. (b) xo = 0.2. (c) xo = 0.3. (d) xo = 0.4. (e) xo = 0.5. (f) xo = 0.6. (g) xo = 0.7. (h) xo = 0.8. (i) xo = 0.9.

V. CONCLUSION
In this paper, an STLC-based OAC strategy is proposed to
efficiently compute the average value of the sensing data
from multiple sUAVs. The proposed STLC-OAC strategy
can reduce the required time slots for data collection at the
dUAV, so that energy-efficient operation can be expected
from both dUAVs and sUAVs. Accordingly, an increase in
commercial opportunities using UAV-aided data collection
can also be expected. Furthermore, the proposed STLC-OAC
strategy can improve the estimation performance relative
to the conventional TDMA-based data collection strategy.
In particular, if there are a large number of sUAVs, the pro-
posed STLC-OAC strategy can provide further performance
improvement. Ultimately, it represents an effective potential
strategy for data collection from multiple sUAVs.
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