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Abstract Hover-in-place unmanned aerial vehicles (UAVs), which are used frequently as filming equipment

in media production, also have potential use cases as hovering relay stations for microwave and millimeter-wave

wireless links. For efficient frequency usage, it is desirable to utilize in-band full-duplex relays. In addition, to

reduce the processing load of a UAV relay station, amplify-and-forward relays are desirable. In this case, it

would be difficult to take countermeasures using signal processing if there is mutual interference between

multiple nearby UAV relay stations. Therefore, we evaluated how much interference should be suppressed to

avoid degradation in the average channel capacity. The results enabled us to quantitatively determine the

required interference suppression for dual-polarized MIMO.

Keywords: Channel Capacity, Unmanned Aerial Vehicles (UAV), In-Band Full-Duplex Relay, Amplify-and-Forward Relay, Multi-Input

Multi-Output (MIMO) Transmission.

1. Introduction

The rapid commercialization of battery-powered,
camera-equipped, rotary-wing-type hoverable unmanned
aerial vehicles (UAVs), i.e., drones, has significantly
impacted media production and news reporting. As they
can function as partial substitutions for both cranes and
helicopters, UAVs are making it possible to quickly
capture impressive aerial footage in a variety of
scenarios, including filming for movies, TV shows, and
commercials, as well as outdoor event coverage and
newsgathering. For broadcasters, UAVs have also
become an attractive option for live coverage of sports,
weather-related events, natural disasters, and even
events in particularly hard-to-reach areas.1?

When transmitting video from filming UAVs, the use
of microwave or millimeter-wave wireless links for TV
program contributions3 enables high-quality video
transmission. These wireless links have the advantage of
being free from radio interference from communication
systems such as the long-term evolution (LTE) and the

fifth generation (5G) communication systems, or no-
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license-required devices such as Wi-Fi, and can secure a
wide bandwidth. They also have greater flexibility in
terms of radio regulation, such as the freedom to choose
the antenna. On the other hand, a drawback of these
links is that obstacles may prevent the establishment of
line-of-sight (LoS) links, which leads to severely
attenuated received signal powers.

The deployment of a hovering rotary-wing UAV as a
relay could enable video transmission from the filming
UAV (the source) to the receiving point (the destination),
in cases where a reliable direct link cannot be established
due to obstructions between the source and the
destination. Regarding UAV relays for the microwave or
millimeter-wave wireless links, in-band full duplex (IBFD)
relaying? is required, as the operators of the wireless
links do not like to occupy multiple channels. At the same
time, amplify-and-forward (AF) relaying® is preferred.
Compared to its decode-and-forward (DF) relaying4)
counterpart, AF relaying is known for its processing
simplicity and lower power consumption, which is suitable
for UAV relays because UAVs have limited battery
capacity and limited payload capacity.

1.1 Related Work

There are various issues to consider when considering
an IBFD AF UAV relay, one of the most prominent of

which is loopback self-interference (SI). Various SI
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mitigation or cancellation approaches are therefore
being researched.#%6)78910) Active countermeasures that
can be applied to AF relays include time-domain
cancellation (e.g., references 11)12)13)14)) and spatial-
domain cancellation (e.g., references 12)15)16)). In
addition, technologies that actively utilize residual SI
(RSI) that cannot be completely canceled are also being
considered (e.g., references 17)18)19)20)). However, it
should be noted that technologies that require precoding
at the transmitter or relay (and therefore channel state
information (CSI) on the transmitting side) cannot be
applied to relaying the one-way type wireless links used
for TV program contributions.

Owing to their mobility, UAV relays can be flexibly
deployed in areas where both the source and the
destination are in line of sight, and the magnitude of SI
depends on the transmission power of the relay.
Therefore, studies have examined ways to optimize the
3-dimensional (3-D) positioning and the transmission
power control of UAV relays2V. The technique in
reference 21) also assumes that CSI can be obtained in
advance, but a technique for power control that does not
require CSI has also been proposed??. To properly utilize
SI cancellation techniques, it is also necessary to
understand the propagation environment. For some
frequency bands, data has been obtained on the UAV-to-
ground propagation path232% and SI for relays in various
environments 2526),

Some prior research has examined channel capacity in
IBFD AF relaying. For example, when both the source-
relay and relay-destination links are SISO, closed-form
formulations have been proposed for cases where each
propagation path can be approximated by an additive
white Gaussian noise (AWGN) channel?” and where
each propagation path is Nakagami-m fading?®. When
both the source-relay and the relay-destination links are
MIMO, and the state of each CSI can be perfectly known
at the relay station and SI can be completely canceled, a
method has been proposed for optimizing the relay's
transfer matrix from the perspective of average channel
capacity2??. In addition, when transmitting MIMO
signals using single-stream precoding, the channel
capacity can be formulated while taking into account the
case where the CSI obtained in advance contains
errors3?., However, as far as we know, there has been no
research that formulates the average channel capacity
for multi-stream MIMO transmission using only the

statistical channel properties without requiring CSI.

232

1.2 Motivation and Contributions

In addition to the challenges mentioned above,
another issue facing UAV relays is the short flight time
(approximately 20-40 minutes) of battery-powered
rotary-wing UAVs. A UAV powered by a wire, as
mentioned in 31), could be considered, but a wired
system would lack flexibility and easiness of positioning
the UAV.

In light of this background, we propose a solution that
involves periodically replacing UAV relays (see Fig. 1 in
Section 2). To ensure that the relay service is not
interrupted when the relays are being replaced, the
replacement is carried out in the following procedure.
First, when the battery level of the UAV relay in
operation begins to decrease, a replacement UAV is sent
close by to begin relaying (see Appendix A). After that,
the original UAV relay is deactivated (stops
transmitting radio waves) and the UAV is sent back.
When assuming this operation, the UAV relay is affected
by inter-relay interference (IRI) in addition to SI, which
means the effects of SI and IRI must be considered
simultaneously. However, most of the aforementioned SI
cancelation technologies do not take into account the
simultaneous existence of IRIs. Techniques for
simultaneously handling ST and IRI in AF relaying were
examined in references 18)20), but these techniques
assume that CSI can be obtained in advance, and are
intended for the case where both the source-relay link
and the relay-destination link are single-input single-
output (SISO). Therefore, they cannot be applied to
IBFD AF relaying over one-way wireless links (e.g.,
references 32)33)). Furthermore, SI and IRI measures
that impose a high processing load on the relay station
are undesirable in terms of battery consumption at the
UAV relay.

As mentioned above, it is not advisable to use
elaborate signal processing to counter the SI and IRI of
UAV relaying over one-way wireless links due to the
inability to obtain CSI on the transmitting side and the
In this paper,

quantitatively evaluate the impact of SI and IRI on

high power consumption. we
IBFD AF relaying in one-way multi-input multi-output
(MIMO) transmission in terms of average channel
capacity. Therefore, assuming that an IBFD AF relay is
applied to a multi-stream one-way MIMO wireless link
(e.g., references 32)33)), we first formulate the
instantaneous channel capacity when the channel
matrix of each propagation path is given. Next, we use

simulation to obtain the average channel capacity by
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statistically varying each propagation path and
calculating the instantaneous channel capacity based on
the above formula and taking the average. By comparing
this with the half-duplex case, an estimate of the
allowable SI and IRI can be obtained.

Our main contributions are summarized as follows:

1) We propose a solution that periodically replaces
UAV relays to overcome the short flight time of
battery-powered rotary-wing UAVs, and organize
the issues of this solution as simultaneously
handling ST and IRI.

2) We formulate the instantaneous channel
capacity of IBFD AF MIMO relaying in the
presence of SI and IRI.

3) We present the guidelines for allowable SI and IRI
for UAV relaying from a filming UAV to a fixed
receiving station.

1.3 Article Organization

The remainder of the paper is organized as follows. In

Section 2 of this paper, we explain the use case of the
UAV relay applied to the wireless link for TV program
contribution, and present the system model. In Section
3, we formulate the instantaneous channel capacity of
IBFD AF MIMO relaying when the channel matrix of
each propagation path is given, in order to obtain the
average channel capacity. In Section 4, we present the
numerical results using parameters assuming signal
transmission from a filming UAV to a fixed receiving
station via a UAV relay, and explain the guidelines for
allowable SI and IRI. Finally, we conclude in Section 5

with a brief summary and mention of future work.

2. System Model

We consider a one-stage relay system with one source
(S), which is a mobile node, one destination (D), which is
a fixed base station, and one or two UAV relay(s) (R), as
shown in Fig. 1. R works in the IBFD AF transmission
mode, and both S and R use the same time-frequency
resource. Under normal circumstances, there is one
relay, but when the UAVs are being replaced, there are
two relays, and we need to consider not only SI but also
IRI. S intends to transmit data to D, but the direct link
between S and D is blocked by physical obstacles or
barriers and data transmission can be only established
via the UAV relay(s). S is equipped with B antennas,
and D is also equipped with NV antennas. One UAV relay
has N transmit antennas and N receive antennas. Hgg,
Hrp, and Hgr denote the S—R channel matrix, R—D

channel matrix, and loopback SI (and IRI in the two-
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relay case) channel matrix, respectively. Hence, the size
of Hsr, Hrp, and Hgr is N X N in the one-relay case and
2N x N, N x 2N, and 2N x 2N, respectively, in the two-
relay case. The distance between S and R, R and D, and
S and D is denoted as dsr, drp, and dsp, respectively.
The sum distance of dsg and drp is denoted as dipa. As
the direct link of S—D is strongly attenuated, R cannot
be placed in the line of S—D and thus diya > dsp. We
assume that S adopts a uniform power transmission, as
the system does not use precoding, and that R has a
negligible processing delay.

We use s(i), ri(i), ro(i), and y(i) to respectively denote
the transmit signal vector, the relay input signal vector,
the relay output signal vector, and the receive signal
vector at discrete time i7T, where T is a symbol duration

time. The noise vector at the relay input and at the
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()0 B CHEETFIERRTEREIND,

Ry = Ey (D y(DN). &)
n(INEs(DITERFEURWERA Y AR TH D720,
V() WERH Y ZBRTH D L \VIRMEDE L TH
BEHIs(1), y(D)IPnEXRIEINE, LEN->T,
BT v RIVEEC [bit/s/HzIZBATD X 512722534
(f18%B2HR) :

C; = log, det(Ry) —log, det(R,,)

(10)
= log, det(R“—lRy).

s(DWEEAY BB TH D263, y(DIFRM@D)»1 5
NMRHNZER D BRTH 5,

Hsp « Hrp « Hrg % C; &EEEMITB 2012, R(10)%
ERT 5, n(i)&s()IFFHEFHNTIIZZRDT, E(s(i)-
n(i)t ) = Oyxnv « E@(D)-s(D)T) = Oyxw o L7220
T, RDERD-(DNSE, RDLSITR5,

R, = HR,H' + R,,. (11)
Rs 1IZD2WTIE, SIKCSI 2R 2D T, SIC—HRAEH
D YUTEFREL, THUE->TRDE DI D,

R, = (P/N)1, . (12)
Z 2T, PIISOFIMEEENTH S, RyITOVTIA
A6 (6) & (7).,

R, = oy, ((HRD el ) L
(Hgp * g - (Iyy — gHgg) 1)* o lN)s

E(g (D)-np ()T) = Omxn, E(mp (D)-ng ()T) = Oyxm
, B(ng (i)-ng (D7) = g, Iy, E(np (I)-np ()T ) =
On Iy, TTTOWNIEREY VT T DBHMEENTH S,
RKAD KA 2KXADIZRATE L. RDE ST 5,

(13)

C; = log, (det(ly + (P/N)R, ™" -H-HT)). a9

RTESNBEEF v 2 VAE(ITOVT, (5), (1
3). (IHIZBNT, FEF ¥ 2IVEBE(IE. Fry 2
)b;E?‘}H:}/J[SU'CHSR\ Hrp- HRR’EEfBi"ﬁ'EVﬁ‘:}\ C;
2k TcEOND,

4. BUEFTHEER

BEMNTIE, EDXIWBEYATLIBEVTE
HELMREETH S, AEHTIE. BEFHTRL
f:S‘Zi/;ja’— ‘\7 Z“ }bgi % dtota/o)%ﬁ t L/ ‘tgjﬁ/\“é o
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destination input is denoted as ng(i) and np(i),
respectively, and both are modeled as complex additive
white Gaussian noise with zero mean. The vectors s(i),
(i), and nrp(i) belong to CN*1 and the vectors ri(@), r.(i),
and ng(i) belong to CN*1 in the one-relay case or C2Vx1
in the two-relay case. Hereafter, the size of Hgg is
denoted by M x M, where M equals N in the one-relay
case and 2N in the two-relay case.

Throughout this paper, the conjugate transpose is
denoted by (-)%, while the determinant of a matrix is
denoted by det(-). We use &(-) to denote the expectation
operator. I; is the identity matrix of size j, 0z x; is the
zero matrix of size k& x [, and (-)! indicates the inverse
matrix of (-). X(m, n) indicates the (m, n)-component of

matrix X.
3. Capacity Analysis

For capacity analysis, we formulate the instantaneous
channel capacity of IBFD AF MIMO relaying, assuming
that Hsg, Hrp, and Hgr are quasi-static flat fading
channels.

According to the system model shown in Fig. 1, R
receives a combination of the signal transmitted by S,
loopback SI (and IRI in the two-relay case) and noise.

Thus, we obtain

TL-(L') = HSRS(i) + HRRTO(i) + nR(i), (1)

T, (i) = gr; (D), ®)

y(@) = Hgpr, (D) + mp (D), 3)

where g indicates the gain of R.

The next step is to obtain the relation of s(i) and y(i)
from Eqgs. (1)-(3), as the capacity is the maximum of the
mutual information [s(i), y()]. Hence,

y(1) = Hs(@) + n(),

where

H =Hgp-g- (I — gHgp) ™" - Hgp,

(4)

(5)

n(i) = (Hgp - g - (Iy — gHzr) "Hne (D) + np (D). (®)

Eq. (6) is the sum of the relay thermal noise that
reaches the receiver after being affected by the SI, IRI,
and gains of the relays, and the receiver thermal noise.

Under the condition that Hsg, Hgrp, and Hgr are quasi-
static flat fading channels, all three (and therefore also
H) can be considered as constant matrices for the
purposes of calculating the instantaneous channel
capacity. n(i) is a complex Gaussian process independent
of s(i), as ngr(i) and np(i) are complex Gaussian processes

independent of each other and of s(i). &(n(i)) = Onx 1,

234

and &(np(i)) = Onx1. The
autocorrelation matrix of n(7) is defined as

R, :=&m@) -n()h. )

Supposing &(s(i)) = 0, the autocorrelation matrix of s(i) is

since &(ng(i)) = Opx1

defined as

R, := E(s() - s(DT). )
Under the above conditions, from Eq. (4), &y()) = On«1,
and the autocorrelation matrix of y(i) is defined as

R, =D - yOD. ©

As n(7) is a complex Gaussian process independent of
s(i), the mutual information I[s(i), y(i)] is maximized
under the condition that y(i) is a complex Gaussian
process. Thus, the instantaneous channel capacity C;
[bit/s/Hz] is as follows3? (see Appendix B):

C; = log, det(Ry) —log, det(R;,)
(10)
= log, det(R,,"'R,).
If s(i) is a complex Gaussian process, then y(i) is
necessarily a complex Gaussian process from Eq. (4).

To associate Hsg, Hrp, and Hgr with C;, we transform
Eq. (10). Since n(i) and s(i) are statistically independent,
E(s()n()") = Onxn and En(i)-s(i)’) = Onxn. Hence, from
Egs. (4) and (7)-(9), we obtain

R, = HR,H' + R, 1n
As for Rg, since S has no CSI, we assume a uniform
power allocation at S, thereby obtaining

R, = (P/N)ly , 12)
where P is the average total transmission power of S. As
for R, from Egs. (6) and (7),

R, =0, ((HRD gy — gHgg)™) -
(Hgp " g - (Iyy — gHgr) DT + IN)>

since Eng(@)-np(i)") = Opxn, Enp(E) ne(@)) = On x M,

(13)

Emnp()nr@)) = 0,1y, and Enp(i)-npi)’) = 0,1y, where o,
is the thermal noise power of each receiving antenna. By
substituting Egs. (11) and (12) into Eq. (10), we obtain

C; = log, (det(ly + (P/N)R, ™" -H-H')). g

For the instantaneous channel capacity C; obtained by
Egs. (5), (13), and (14), the average channel capacity C,
is obtained by averaging C;, varying Hsg, Hrp, and Hgr

according to their channel model.

4. Numerical Results

The capacity analysis is an important performance
measure in any communication system. In this section,
we investigate the average channel capacity presented

in Section 3 as a function of dya;.
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4.1 Simulation Conditions

We evaluate the average channel capacity of IBFD AF
relaying for the microwave (6.5 GHz) wireless link33 and
the millimeter-wave (42 GHz) wireless link32, where a
dual-polarized MIMO technique (V = 2) is used.

The major simulation parameters are listed in Table
1. As the propagation model, we used quasi-static flat
Nakagami Rice fading with the K-factor K of 10 or O,
distance-dependent path loss (same as the free-space
path loss) with the decay factor of 2 for Hsg and Hgp,
and —10 dB cross-polarization coupling of dual-polarized
MIMO. We assume that both polarizations of the main
(LoS) component reach the receive antennas in phase as
the worst case. The path loss of Hgg is given as
simulation parameters. As for SI, the value of the path
loss of Hgr is defined as

Lg; := E(Hgr G, NI, (15)
where 1 <jeN <M. As for IRI, the value of the path loss

of Hgg is defined as
Lig; = 5(|HRR(1;3)|2)

(= g(lHRR(SJ]-)lZ)
= E(IHgr (29)1%)
= E(IHgr(4.2))).

The path loss of Hgr includes the effects of interference

(16)

cancellation techniques. Regarding the K-factor IC,

measurements between ground and UAV and between

Table 1 Simulation parameters.

Instantaneous fading | Quasi-static flat Nakagami Rice fading
(K-factor K 10 or 0)

Path loss Hgg, Hgp: Distance-dependent path loss
according to free-space propagation char-
acteristics
Hpr: Given as simulation parameters

Cross-polarization -10dB

coupling of dual-polar-

ized MIMO

Transmission power S:05W
R:0.5 W Jone UAV relay

Carrier frequency 6.5 GHz 42 GHz

Bandwidth (BW) 18 MHz 120 MHz

Tx. antenna gain $:7.8dBi $:11.3dBi
R:7.8dBi R:11.3dBi

Rx. antenna gain R:7.8 dBi R:11.3dBi
D:22.7dBi D:39.5 dBi

Receiver noise figure | 4dB 7dB

(NF) (=101log,, NF) (=101log,o NF)

Receiver thermal kg -T-BW - NF

noise power (kg Boltzmann constant,

T(= 300 K): absolute temperature)
dsg 100 m or 200 m
diotar 0.5-5 km
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UAVs have shown that it is greater than 10 when the
elevation angle is not large in a line-of-sight
environment in the 2.5-GHz band!91V, Since the K-
factor tends to increase as the frequency increases, we
set it to 10 here. We use the K-factor of 0 to model Hgr
as a Rayleigh distribution, as the residual SI is
considered to be Rayleigh distribution when some SI
(and IRI) mitigation techniques are applied, and the
main (LoS) component is cancelled?>36). As for cross-
polarization coupling, we assume —10 dB, taking into
account the effects of UAV attitude fluctuations and
propagation channel characteristics. The total
transmission power of the source and the UAV relay is
0.5 W. We assume an 18-MHz system bandwidth for the
microwave wireless link, and a 120-MHz system
bandwidth for the millimeter-wave wireless link,
referring the channel spacing of references3233). Each
antenna gain includes feeder losses. The antenna gains
of S and R are smaller than that of D, since S and R are
mobile nodes and therefore have small antenna sizes.
The antenna gains of S and R are set to values
considered typical of patch antennas for microwave and
horn antennas for millimeter-wave. The antenna gains
of D are set to values considered typical of parabola
antennas for each frequency band. The receiver noise
figure is set to a value considered typical for each
frequency band. The distance dsr is fixed at 100 m or
200 m. The distance dipq; varies from 0.5 km to 5 km
according to dsp, as microwave or millimeter-wave
wireless links for TV program contributions from mobile
stations typically operate within a few kilometers. The
gain g was set to a value according to the distance,
assuming that the relay amplifies the received signal to
the output level of 0.5 W using automatic gain control.
In this regard, however, even if g is adjusted, it may not
be possible to make the R output 0.5 W when the
interference is large.

4.2 Simulation Results

First, we compare the average channel capacity C, of
IBFD AF relaying to that of half-duplex (HD) AF
relaying under normal circumstances (i.e., the one-relay
case). The average capacity of HD AF relaying is
obtained by averaging C;/2, varying Hsr and Hgp
according to their channel model after setting Hgr =0,
as S and R use a different time resource or different
frequency resource when R works in the HD AF
transmission mode.

Figures 2 and 3 respectively show the average channel

capacity for the microwave (6.5 GHz) and the millimeter-
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Fig.3 Average channel capacity for the millimeter-wave (42 GHz) wireless link relaying as a function of d. To clarify the effect of the K-factor
for Hrr when the Lgs is set so as to obtain better characteristics in IBFD than in HD, the channel capacity when d;oa equals 0.5 km is

shown numerically.

included results with the K-factor of 0 for Hsz and Hgp.
The distance dsg is fixed at 100 m or 200 m, since S and R
have small antennas and thus the shorter dsg, the better

wave (42 GHz) wireless link relaying as a function of d;ozal.
The distance dsg, K-factor K, and value of the SI path loss
Lgy are assigned as parameters. For comparison, we have
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performance. We observe that the K-factor for Hrr has
almost no effect on the average channel capacity C,, while
Lgr has a significant influence on C,. Though the average
channel capacity C, with the K-factor of 0 for Hsz and
Hrp is smaller than that with the K-factor of 10 for Hsg
and Hgp, there is no change in the tendency of Lg;'s
influence on C,. As for the microwave wireless link, from
Fig. 2, we can see that in order to obtain better
characteristics in IBFD than in HD, the Lgs; needs to be
suppressed to about —70 dB. Regarding the millimeter-
wave wireless link, it can be seen that to obtain better
characteristics in IBFD than in HD, it is necessary to
suppress the Lg; to about —80 dB.

Second, we assess the impact of IRI on the average
channel capacity for UAV relaying when the UAVs are
being replaced. As shown above, IBFD AF relaying for
the microwave (6.5 GHz) wireless link requires Ls; with
an output of =70 dB or less. The relationship between
the average channel capacity C, and the transmission
distance dioa; 1s obtained with the Lirr as a parameter
for the cases where the Lg; is fixed at =70 dB and -80
dB. The K-factor for Hsgr, Hrp, and Hgp is 10. The
results are shown in Fig. 4. For comparison, the
characteristics when there is no IRI (when there is one
UAV relay) are shown with a blue dashed line. It can be
seen that by suppressing Lirr to the same level as Lg;,
the adverse effects of interference between relay stations
can be prevented. The L;r; that corresponds to this
condition is indicated with an asterisk in the legend. It
can also be seen that this trend remains the same
whether dsg is 100 m or 200 m. When Ljz; and Lg; have
the same values, the performance is slightly better when
there are two UAV relays than when there is one. The
reason may be that the total transmission power of the
UAV relays is doubled when there are two UAV relays.

Next, we discuss the case of IBFD AF relaying for the
millimeter-wave (42 GHz) wireless link. As described
earlier, IBFD AF relaying requires Ls; with an output of
—80 dB or less. The relationship between the average
channel capacity and the transmission distance is
obtained with the Lr; as a parameter for the cases
where the Lg; is fixed at —80 dB and —-90 dB. The results
are shown in Fig. 5. For comparison, the characteristics
when there is no IRI (when there is one relay station)
are shown with a blue dashed line. As in the case of
microwave links, it is clear that by suppressing Lirs to
the same level as Lg;, interference between relay

stations can be prevented from having a detrimental
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Fig.4 Average channel capacity for the microwave (6.5 GHz)
wireless link in the two-relay case. (*) indicates that Ljgy is
the same level as Lgs;, in that condition interference

between relay stations can be prevented from having a

detrimental effect.

effect. It can also be seen that this trend remains the
same whether dsg is 100 m or 200 m. When Lg; is —90
dB, the characteristics of one relay are best when d;oa; is

small. This part is discussed further in Appendix C.
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Fig.5 Average channel capacity for the millimeter-wave (42 GHz)
wireless link in the two-relay case. (*) indicates that Ligy is
the same level as Lgy, in that condition interference
between relay stations can be prevented from having a

detrimental effect.

5. Conclusion

In this paper, we conducted a basic study of a UAV
relaying system for microwave or millimeter-wave

wireless links in the production of TV program, where a
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reliable direct link cannot be established due to
obstructions between the source and the destination.
The relay method is based on the in-band full-duplex
(IBFD) and amplify-and-forward (AF) methods to take
advantage of their high frequency utilization efficiency
and low power consumption. As a countermeasure to the
short flight time of UAVs, we proposed periodically
replacing the UAV relays. In this case, inter-relay
interference (IRI) may occur in addition to loopback self-
interference (SI) when the UAV relays are being
replaced. Therefore, we first formulated the channel
capacity in the presence of SI and IRI in IBFD AF
relaying. Using this formula, the impacts of SI and IRI
on the average channel capacity were clarified by
computer simulation. In a study assuming that the
source and the UAV relays have small antennas and the
destination has large antennas, the guideline to obtain a
better performance than half-duplex (HD) relaying is to
keep the path loss of SI Lg; to less than —70 dB for dual-
polarized MIMO microwave (6.5-GHz band) links and
less than —80 dB for dual-polarized MIMO millimeter
wave (42-GHz band) links. Also, the guideline for IRI is
to suppress the path loss of IRI Lirr to the same extent
as Lg;. However, if it is difficult to sufficiently attenuate
residual SI due to the presence of IRI, measures may be
necessary to prevent simultaneous emission of radio
waves when replacing UAV relay stations.

Future challenges include quantitative evaluation of
the interference between relay station antennas (SI and
IRI) in real-world environments and the development of
interference cancellation techniques. In the case of
millimeter wave links, the average channel capacity is
small even when d;i is short, especially when dsgr is
200 m, so multi-stage relaying must also be considered.
In addition, we considered the average channel capacity
in this work, but if the rate of change in the propagation
environment is slow, there may be a long period of time
during which the channel capacity falls below the
average channel capacity. Therefore, it is also necessary

to understand the actual propagation environment.
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Appendix

A.Feasibility of Hot-replacement of
Operating UAV Relays

We estimate, from the perspective of antenna
directivity, how far apart the two UAV relays need to be
to ensure that the relay service is not interrupted when
the relays are being replaced. In our study, the antenna
directivity of fixed reception of the millimeter wave

wireless link is narrowest. As a concrete example, we



J-STAGE

o
=

dgp tan [0'/2). oo s )

e C)

-
i i,
-

v
dgp — 500 m

Fig. Al 22DUAVY L— NSRS 7V 7+ D%,

BRI LT, BEEZEDEDIZERED = 60 cn
DRIRST VT FeFERATHILe2E25, F(E
i (3dBAA. FE) O IFRRTRIND,
o~ 704, (A1)

ZIT. AMEETHDE, IVEERY VT
. 6 ~ 0.83 THD, ZOLEDT7VTF
FIBIIK46ABITH B, NTRTI TV FFL2E
DOUAVREIDEEEEdrpHY500mMDIH S, 2B DUAVY L
—DINS RS T VT FORERNI B B 513,
KANZRT &SI, NT R T FLED» S Tdgp t
an(® /5 ) = 3.6mANTHB L THb, L
MBoT, VL —2%mEEN TRBINT V55
&, VU —Y—EREHFHRINLZVEFEIN
5,

B. 7UNT 47, Fv VT4 OFFERX
ZEXERIL IZENIX EEFEERT PV
TNENH Y ARG &R OMETHNIIHILU /2
MEDFEBEN KD THEKINSHE, BED
— MR EARIATDO LS 1245

G = log ("“(RsJ “ dﬂ[R}J/{]et(Ru}) : (B1)

where
. ey
(GG )

e (3@ -s@* s(i)'y(é)’f)
(ORI OETOR IO WY N

K@), @), DEABIKRATIL, RDLIITLD,

(B2)

R R o
Ru*(H_RS Ry ) (B3)

det(Ry ) Z2FETZITIE. ZEXEITOLUTOEEFR
EHVS):

det(@( ;1;)) = det(X) - det(W —2Z - X~1-¥) , (B4)

CHRWERETHD L 2nBEL L, XEWIES
KCTHERENRHLM, RURIITHLHEIR
WV, AB3)EXBHNS, RBMEFSND,

det(R,) = det(R,) - det(R, —H- R, -H')

(B5)
= der(RsJ -det(R,) ,

22T RUDZERAVWS, Lo T, RBDIZRGB
5 ERATEL

det(R )
€ = logg( G /der(RnJ)

= log, det(R, ) — log, det(R,,)
e (b6)

= log, (dct(Ry) . dct(R“_' ))

= log, det(R, 'R, .

C. ST & IR % AWV W B REMIMOY L —,
2X2MIMOY L —. SISOV L —DBEE

S VIRERRY) 2128 WT, SIEIRIAVNX WG
Az, 1V —DBENRE BWVEREERT., U
7=MoT, SIEIRIEBWVIRIREE 25, ZOM
BN _EREMIMOFIZEE THENE D N E
Mg 2 7212, 2 X 2MIMOHHEX> SISO Hfk & B,
B15, ¥oI1T. B0 E LT 57~
DIz, K77 27 8 —NDEE L DHEET- 7.
XICLIZ. dspD200mDIHEDFETF v 2INVEER
dtota/ DEEELE U TRUZZEDTH B, HiEELT
HDRW—FEBEDHE L FEERIZ, 2X2MIM0T
IZK7 7 7 Z200K7 7 7 210k D HEEENE D,
ZEREMIMO L SISOTIZKZ 7 7 Z100K7 7 &
Z0X D EEENEV, I, ZEREMIMOES]
SOTIE, RIVFNRAVYFF X R2NBRBTLE
MREF EE2E 56X VWIEERLTWVWS, =
HREMIMO L SISODSHE, 0L HER UL TKY 7 27
Z—MIDZEDF ¥ AINVEEDRELRD L.
1) L—DBEDEN) L—DHEI ) EEN
TWAIZ eNbns, IVIKERY > IDSIL]
RIDVNIWIGETE, ZORENBEEIND L
FREIN5B,



ITE Trans. on MTA Vol. 13, No. 3 (2025)

dgp tan (9/2)\{2/A:’\ V - . - 6/2
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !_|b

dgrp — 500 m

Fig.Al Relationship of the two UAV relays and the parabolic

antenna.

consider using a parabolic antenna with diameter D = 60
cm for the fixed reception. The half-power beamwidth (3-
dB angle in degrees) 0 is expressed as
o~70%/, (A1)

where A is the wavelength. In the millimeter wave
wireless link, 6 = 0.83. The antenna gain at this time is
approximately 46 dBi. If the distance drp between the
parabolic antenna and the two UAVs is 500 m, the
condition for the two UAV relays to be within the half-
power beamwidth of the parabolic antenna is that they
are within + dgp tan(®/2) = 3.6 m of the parabolic central
axis, as shown in Fig. Al. Thus, it is expected that the
relay service will not be interrupted when the relays are
approximately 5 m apart and are being replaced, as a
gain of over 40 dBi can be obtained for both UAV relays.

B. Derivation: Formula for Capacity

According to reference 34), when the transmitted
signal vector is composed of N statistically independent
equal power components each with a Gaussian

distribution, a general basic formula for capacity is as

follows:
¢ = log, (det(Rs) . dEt(Ry)/det(Ru)> . (B1)
where
o (Y. (s
Ry.:=¢€ <(y(i)) (y(i)) >
(B2)

—¢ <S(i)-S(i)* S(i)~y(i)*)
y@ st y@-y®t)) "
By substituting Egs. (4), (8), and (9) into Eq. (B2), we

obtain
_( Ry Ry-Hf
R"_(H»RS R, |-

To calculate det(R,), we use the following identity from

(B3)

reference 37):
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(B4

det(()l( vl:/)) = det(X) - detW —Z-X"1-7) ,

which requires that X be nonsingular, and while X and
W need to be square, they do not need to be of the same
size. From Eqgs. (B3) and (B4), we obtain
det(R,) = det(Ry) - det(R, —H - R, - HY)
(B5)
= det(Ry) - det(R,) ,

where we use Eq. (11). Thus, by substituting Eq. (B5)
into Eq. (B1),

det(R
Ci:log2< (y)/det(Rn))

=log, det(Ry) —log, det(R,,) b6)

= log, (det(Ry) . det(Rn_l))

= log, det(Rn_lRy) .

C. Capacity for Dual-polarized MIMO
Relaying, 2 X 2 MIMO Relaying, and
SISO Relaying without SI and IRI

The one-relay case has the best performance when the
SI and IRI are small in the millimeter wave wireless
links. Thus, we consider a situation where there is no SI
and no IRI. To determine if this issue is specific to dual-
polarized MIMO relaying, we compare it with 2 x 2
MIMO relaying and SISO relaying. In addition, to assess
the impact of propagation characteristics, a comparison
is made with the case where the K-factor is 0. Figure C1
shows the average channel capacity as a function of d;oa
when dsr is 200 m. As in the case of one-way
communication without relaying, in 2 x 2 MIMO, a K-
factor of 0 gives a better performance than a K-factor of
10, while in dual-polarized MIMO and SISO, a K-factor
of 10 gives a better performance than a K-factor of 0.
This indicates that in dual-polarized MIMO and SISO,
multipath-rich channels do not necessarily provide a
better performance. When looking at the channel
capacity improvement for a K factor of 10 compared to 0
in the cases of dual-polarized MIMO and SISO, we
observe that the one-relay case is better than the two-
relay case. This phenomenon is expected to be observed
even when the SI and IRI are small in the millimeter

wave wireless links.



J-STAGE

40 40 40
= = = One-relay case = = = One-relay case -+ - One-relay case
—&— Twor-relay case ] —&— Tworelay case +— Tworrelay case
30 30 30
e Ic) G
= = =
) ] a2
=20 =20 =20
= & &
L siigened [ ]
(%) FIF b —F——r—gmapny | L) (S A [%)
10 10 R R S e 10
L e s e
0 0 0 : m = =
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
dioar [km] drora [km] drotar [km]
(a) Dualpolarized MIMO, K for Hg, and Hgp' 10 (b} 2 x 2 MIMO, K for Hgp, and Hgp' 10 (@) SIS0, K for He, and Hypt 10
40 40 40
— = - One-relay case = = = One-relay case ~ = = One-relay case
-+— Tworrelay case —i— Twarrelay case —&— Tworrelay case ]
30 30 30
Gl ™ G
€ z =
ol w n
220 z20 =20
=) ==} =
S M St o = = SR S < Tt et &
o —=F= e 10 —= 10
e e i o S RS S
0 0 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
drorqr kml drorar [km] degeqr keml]
() Dualpolarized MIMO, ' for Hg; and Hpp: 0 () 2 % 2 MIMO, % for Hg, and Hgp!0 (SISO, X for Hgy and Hgp' 0

B.C1 SI&IRIZ RV I U 3 (42GH2) SBAR Y ¥ 7 D SEIGF ¥ R VEE % drorar (dsg * 200 m) DB UTRY,

Fumiya Yamagishi received B.E. and M.E.
degrees from the University of Electro-
Communications, Tokyo, Japan in 2012 and 2014. He
joined Japan Broadcasting Corporation (NHK) in 2014.
He has mainly been engaged in the research and
development of 4K/8K UHDTV wireless cameras using
millimeter waves.

Takuya Kurakake reccived B.E. and M.E.
degrees from the University of Tokyo, Tokyo, Japan, and
a Ph.D. from the University of Electro-Communications,
Tokyo, Japan in 1992, 1994, and 2014. He joined Japan
Broadcasting Corporation (NHK) in 1994. He has
mainly been engaged in the research and development of
an optical transmission system for cable television and
digital cable television, and a 4K/8K UHDTV program
production system using IP-networks. He received the
Ichimura Prize in Science in 2005, and the Best Paper of
the IEEE International Conference on Consumer
Electronics (ICCE) 2013 in 2013.

Tsuyoshi Nakatogawa received B.E. and
M.E. degrees from Yokohama National University,
Kanagawa, Japan, in 1998 and 2000. He joined Japan
Broadcasting Corporation (NHK) in 2000. He has
mainly been engaged in the research and development
of a 4K/8K UHDTV transmission system for
professional media program production.

Fumito Ito received B.E. and M.E. degrees from
Keio University, Japan, in 2003 and 2005. He joined
Japan Broadcasting Corporation (NHK), Tokyo, Japan,
in 2005. Since 2013, he has been at NHK Science and
Technology Research Laboratories (STRL), where he
has been engaged in the research and development of

wireless links for program contributions. He is
currently a principal research engineer in the
Advanced Transmission Systems Research Division of
NHK STRL. He is a member of the Institute of Image
Information and Television Engineers (ITE).

Takayuki Nakagawa received a B.E.
degree from Waseda University in 1995 and joined
NHK the same year. Since 2019, he has been with the
Science & Technology Research Laboratories, where he
is engaged in research on wireless transmission
systems of broadcasting programs and program
materials.




w S
o o

C, [bit/s/Hz]
3

10

(a) Dual-polarized MIMO, X for Hgz and Hgp: 10

40

C, Ibit/s/Hz]
N w
o o

—_
o

(d) Dual-polarized MIMO, X for Hgz and Hgp: 0

Paper » Capacity Analysis of In-Band Full-Duplex Amplify-and-Forward UAV Relaying for MIMO Wireless Link with Inter-Relay Interferences

— « — One-relay case
—o— Tworrelay case

40
— « — One-relay case
—o— Tworrelay case
30
N
=
2z
=20
=
== —— o | L"U
10
0
2 3 4 5 0 1

dtotal [km]

2 3

dtotal [km]
(b) 2x2 MIMO, K for Hgz and Hgp: 10

— = - One-relay case
—&— Twor-relay case

40
— = — One-relay case
—o— Tworrelay case
30
N
=
n
=20
=}
“““““““ 10
0
2 3 4 5 0 1

dtotal [km]

2 3
d total [km]

() 2 x2 MIMO, X for Hgg and Hgp: 0

40
— = — One-relay case
—&— Twor-relay case
30
~N
Z
2
=20
=)
S
10
FID V= ——mmtm oo o |
0
5 0 1 2 3 4 5
dtotal [km]
(© SISO, K for Hgg and Hgp: 10
40
— = - One-relay case
—&— Tworrelay case
30
N
=
@
=20
1=}
<
10
R e i S G
0
5 0 1 2 3 4 5
diotal [km]

® SISO, K for Hgg and Hgp: 0

Fig.C1 Average channel capacity for the millimeter-wave (42 GHz) wireless link relaying without SI and IRI as a function of da (dsgr: 200 m).

Takuya Kurakake reccived B.E. and M.E.
degrees from the University of Tokyo, Tokyo, Japan, and
a Ph.D. from the University of Electro-Communications,
Tokyo, Japan in 1992, 1994, and 2014. He joined Japan
Broadcasting Corporation (NHK) in 1994. He has
mainly been engaged in the research and development of
an optical transmission system for cable television and
digital cable television, and a 4K/8K UHDTV program
production system using IP-networks. He received the
Ichimura Prize in Science in 2005, and the Best Paper of
the IEEE International Conference on Consumer
Electronics (ICCE) 2013 in 2013.

Fumito Ito received B.E. and M.E. degrees from
Keio University, Japan, in 2003 and 2005. He joined
Japan Broadcasting Corporation (NHK), Tokyo, Japan,
in 2005. Since 2013, he has been at NHK Science and
Technology Research Laboratories (STRL), where he
has been engaged in the research and development of
wireless links for program contributions. He is
currently a principal research engineer in the
Advanced Transmission Systems Research Division of
NHK STRL. He is a member of the Institute of Image
Information and Television Engineers (ITE).

Takayuki Nakagawa received a B.E.
degree from Waseda University in 1995 and joined
NHK the same year. Since 2019, he has been with the
Science & Technology Research Laboratories, where he
is engaged in research on wireless transmission
systems of broadcasting programs and program
materials.

Fumiya Yamagishi received B.E. and M.E.
degrees from the University of Electro-
Communications, Tokyo, Japan in 2012 and 2014. He
joined Japan Broadcasting Corporation (NHK) in 2014.
He has mainly been engaged in the research and
development of 4K/8K UHDTV wireless cameras using
millimeter waves.

Tsuyoshi Nakatogawa reccived B.E. and
M.E. degrees from Yokohama National University,
Kanagawa, Japan, in 1998 and 2000. He joined Japan
Broadcasting Corporation (NHK) in 2000. He has
mainly been engaged in the research and development

| of a 4K/8K UHDTV transmission system for

professional media program production.

241





