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1  |   INTRODUCTION

Motivated by the recent advances in self-driving technologies, 
infrastructure-to-vehicle (X2V) data delivery has attracted 
significant attention from both industry and academia. The 
contribution of the Media and Entertainment (M&E) vertical 
has appeared especially notable because a progressive evolu-
tion in driving-time activities is expected in the near future [1–
3]. According to increasing demand for high-quality content 
and immersive meta-services, mobile broadcasting has been 
rediscovered to be a key momentum for such multimedia-in-
vehicle movement, owing to the excellent point-to-multipoint 
(PTM) efficiency of terrestrial broadcasting [4–10]. The role 

of mobile broadcasting in the upcoming autonomous era has 
been identified as key for intelligent traffic systems as well, 
because automobile intelligence requires a legion of vehicles 
to acquire common, highly enhanced map data and accurate 
traffic information at the same time.

However, providing high-quality multimedia to mobile 
users through forward-link-only networks has been a compli-
cated task for wireless systems [11,12]. Although the waveform 
of terrestrial broadcasting used to be more robust than that of 
high-capacity-mode cellular unicasts [13–16], mobile reliabil-
ity in terrestrial broadcast systems is challenging because the 
broadcast lacks return channel feedback. The downlink-only 
nature of broadcasting enables arbitrary PTM transmissions 
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with reduced overhead and ensures static data traffic [17,18]. 
However, broadcasting loses the ability to adapt waveform/re-
sources, which plays a powerful role in coping with dynamic 
channel gain fluctuations and mobility-entailed interference 
such as inter-carrier interference (ICI) [11,19]. The lessons 
from the previous, yet immature, efforts at mobile broadcast 
have revealed that a seamless and reliable service for moving 
users requires excessively dense gap-filler deployment [20–22].

In effect, for on-vehicle users, it is possible to exploit 
multi-antenna diversity to alleviate undesirable fading ef-
fects and further improve channel quality [11]. Since ter-
restrial broadcasting typically utilizes very-high frequency 
(VHF) and ultra-high frequency (UHF) bands that come with 
wavelengths 10−1 m to 100 m in scale, it is difficult to deploy 
multiple antennas on handheld receivers (Rxs). In contrast, 
installing multiple antennas on mass-transportation vehicles, 
which are generally spacious, is a feasible idea for distribut-
ing mobile multimedia to the public.

In this paper, the multi-antenna diversity gain in mobile en-
vironments is therefore analyzed in terms of coverage probabil-
ity. Based on analytical derivations, the diversity gain is verified 
with respect to Rx velocity, ergodic field strength, and threshold-
of-visibility (ToV). The advantages of multi-antenna receivers 
(MRs) are investigated with respect to various aspects, includ-
ing the geometric coverage, volume of the users served, and 
impact of Rx velocity. Furthermore, the feasibility of an MR in 
the real world is examined by extensive field experiments based 
on on-air ATSC 3.0 broadcast transmissions, accomplished by 
a full-chain ATSC 3.0 facility in Jeju Island, Republic of Korea. 
Relying on the erroneous second ratio (ESR) criterion, our 
practical evaluations demonstrate that MRs with a few more an-
tennas achieve substantial reliability gains over single-antenna 
Rxs (SRs). The field test results reveal the possibility of mo-
bile full-high-definition/ultra-high-definition (FHD/UHD) over 
terrestrial broadcasts, which can be achieved without deploying 
excessively dense gap-fillers or transmitters (Txs).

The remainder of this paper is organized as follows. 
Section 2 describes the system model for MRs in a mobile en-
vironment. Section 3 analytically derives the coverage prob-
ability gains of MRs over SRs based on the model described 
in Section 2. The results in Section 3 are extended to demon-
strate the benefits of layered division multiplexing (LDM) 
for mobile services in Section 4. Numerical results and field 
experiment results are presented and discussed in Sections 5 
and 6, respectively, thereby verifying MR gains from analyt-
ical and empirical perspectives, respectively. Finally, Section 
7 concludes the paper with some remarks.

2  |   SYSTEM MODEL

This paper considers a single-input multiple-output (SIMO) net-
work with an Rx performing maximal ratio combining (MRC) 

through N antennas. The Rx is assumed to travel at a speed v and 
is usually assumed to be installed on a vehicle. We here refer 
to typical orthogonal frequency-division multiplexing (OFDM) 
transmission for signal modeling, but do not address the detailed 
system architecture until Section 6. Therefore, because of the 
mobility of the Rx, the received signal suffers from ICI, whose 
variance is proportional to the power of the desired signal.

Precisely, the signal-to-interference-plus-noise ratio 
(SINR) of the received signal is calculated as

where cICI denotes the relative variance level of the ICI compared 
to the desired signal power. Referring to various studies related to 
ICI effects within OFDM, for example, [19], cICI can be approxi-
mated as cICI ≈ 1∕24(2�fcv∕cTs)

2 for Jakes' scattering environ-
ment, where c represents the speed of light, and fc and Ts denote the 
center frequency and symbol duration, respectively. The Rayleigh 
channel is assumed for small-scale fading. That is, the small-scale 
fading gains hi = 1, ⋯, N ∈ ℂ in (1), where hi corresponds to the i th 
antenna of the Rx, are defined to be independent and identically 
distributed (IID) complex Gaussian random variables with zero 
mean and unit variance. In addition, PR ∈ ℝ

+ denotes the ergodic 
average power normalized by the thermal noise variance, at which 
large-scale fading is reflected with respect to the Rx location.

Our goal is to observe the gain of MR over SR under a 
given PR. To observe this gain, we specify a N = 1 case by 
defining the SINR of single-antenna reception as 
�s =

|hs | 2PR

1+ cICI |hs | 2PR

. As for �s, the small-scale fading gain 
hs:�� (0, 1) is additionally defined for the SR channel to 
distinguish it from hi s.

3  |   COVERAGE PROBABILITY 
GAIN FROM DIVERSITY 
RECEIVING

Since this work addresses a broadcast scenario, the desired 
data are transmitted at a fixed rate. Accordingly, the Tx is al-
lowed to transmit broadcast signals with a service rate of 
Ra = Blog2

(
1 + �th

)
 [bps] for ∃B > 0 [Hz] bandwidth and 

∃ 𝜀th > 0. This means that an Rx requires an SINR of at least �th 
to retrieve the original message. Therefore, for locations at which 
the Rx acquires an average signal power PR (a PR-region Φ(PR), 
in short), the coverage probability at the MR is given as follows:

(1)�div =

∑N

i= 1
�h

i
�2PR

1+cICI

∑N

i= 1
�h

i
�2PR

,

(2)

Pdiv ≜Pr[�div ≥�th]=Pr

[
N∑

i= 1

|h
i
|2 ≥ �th

(1−cICI�th)PR

]

(a)
=

1

Γ(N)
Γ

(
N,

�th(
1−cICI�th

)
PR

)
,
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where (a) holds since 
∑N

i= 1
�hi �2 follows a chi-squared distribution 

whose cumulative density function (CDF) is 1 − Γ (N, z) ∕Γ (N)

; Γ(s) = ∫
∞

0
ts−1exp( − t)dt and Γ(s, z) = ∫

∞

z
ts−1p( − t)dt de-

note the gamma function and upper incomplete gamma function, 
respectively. Owing to the alternative expressions of the gamma 
functions, (2) are rewritten as

which is a better and more tractable form than (2). As a corol-
lary, the counterpart for SR is given in a reduced form as

A coverage probability is in essence a complementary 
CDF of the aggregate small-scale fading gain. Statistically, 
the main factor that brings an MR gain is the fact that a chi-
squared distribution with a higher distribution order becomes 
less concentrated in low-value realizations. The increase 
in MRC branches shifts the weights within the distribution 
toward high-value realizations and eventually brings the 
following asymptote.

Remark 1 (The coverage probability at an MR as-
ymptotically approaches 1 as N increases): Note that the 
polynomial term in (3) is the first N parts of the Taylor ex-
pansion of exp

(
�th∕

(
1 − cICI�th

)
∕PR

)
. Accordingly, it can 

be found that the polynomial term of (3) finally approaches 
exp

(
�th∕

(
1 − cICI�th

)
∕PR

)
 as N →∞. This observation 

indicates that an MR with an infinite number of antennas 
always succeeds at decoding, so it supports the utility of a 
massive antenna installation at the on-vehicle Rxs.

Based on previous formulations, the gain of MR over SR 
can be measured in two distinct forms: a relative gain and 
an absolute gain. The relative gain quantifies the MR gain 
by a ratio between the coverage probabilities of MR and 
SR, whereas the absolute gain deals with the difference in 
the coverage probability between MR and SR. Namely, the 
relative and absolute gains are defined as

and

respectively. One can see that Δrel, whose polynomial co-
efficients are strictly positive, monotonically increases by 
�th∕

(
1 − cICI�th

)
∕PR, whereas Δabs can be a multimodal func-

tion of �th∕
(
1 − cICI�th

)
∕PR owing to its exponential term. In 

addition, one can draw the following results from expressions 
(5) and (3).

Observation 1: If  N ≥ 2, Δrel strictly increases by 
�th∕

(
1 − cICI�th

)
∕PR.

Let x abbreviate �th∕
(
1 − cICI�th

)
∕PR. The derivative of ∑N− 1

k= 0
xk∕k ! with respect to x is strictly positive for ∀ x > 0. 

Therefore, Δrel(x) strictly increases by x.                               ∎

Remark 2 (Advantages for high-throughput services):
The interests of network operators and service providers may 

be particularly focused on the relationship between Δrel and Ra. 
We note that �th∕

(
1 − cICI�th

)
∕PR increases by �th, and hence 

one can find from (5) that Δrel increases by �th (= 2Ra∕B − 1). 
This implies that MR is more beneficial for high-throughput 
services, from a relative gain perspective. Moreover, because 
Δrel|N+1 −Δrel|N = (�th∕

(
1 − cICI�th

)
∕PR)N+1∕ (N + 1)! 

holds, the advantage of adding a single additional antenna ap-
pears greater when �th increases.

Observation 2: If N ≥ 2, Δrel strictly decreases by PR.
Let x abbreviate �th∕

(
1 − cICI�th

)
∕PR again. The deriva-

tive of 
∑N− 1

k= 0
xk∕k ! with respect to PR

is then found to be strictly negative for ∀PR > 0 and ∀ x > 0 
owing to Observation 1.                                                              ∎

Observation 3: If N ≥ 2, Δabs is maximized at

By using the abbreviation x ≜ �th∕(1 − cICI�th)∕PR, the 
derivative of Δabs can be obtained as

where �Δabs∕� x = 0 holds at x = N − 1
√
(N − 1)! . Because 

Δabs(x = 0) = 0 is strictly smaller than Δabs
�

x = N − 1
√
(N − 1) !

�
 

and the derivative �Δabs∕�x for x > 0 is positive only until 
x ≥ N − 1

√
(N − 1)! , this local maximum is the global maximum 

point of Δabs.                                                                                  ∎
In the case in which the MR is equipped with two anten-

nas, it is able to specify the �th and PR values that allow the 
MR to achieve the target absolute gain ΔTG over an SR, that 

(3)Pdiv = exp

(
−

�th(
1 − cICI�th

)
PR

)
N− 1∑
k= 0

1

k!

(
�th(

1 − cICI�th

)
PR

)k

,

(4)Ps ≜ Pr
[
�s ≥ �th

]
= exp

(
−

�th(
1 − cICI�th

)
PR

)
.

(5)Δrel ≜
Pdiv

Ps

=

N − 1∑
k= 0

1

k !

(
�th(

1 − cICI�th

)
PR

)k

,

(6)

Δabs ≜Pdiv−Ps

= exp

(
−

�th(
1−cICI�th

)
PR

)
N− 1∑
k= 1

1

k!

(
�th(

1−cICI�th

)
PR.

)k

,

� x

�PR

�

� x

(
N− 1∑
k= 0

1

k!
x

k

)
= −

�th(
1 − cICI�th

)
P

2

R

�

� x

(
N− 1∑
k= 0

1

k !
x

k

)
,

(7)P∗
R
≜

�th�
1 − cICI�th

�
N − 1
√
(N − 1) !

.

�Δabs

� x
=

(
1 −

xN−1

(N − 1) !

)
exp (−x) ,
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is, arg(�th,PR)
(
Δabs = ΔTG

)
. For N = 2, the absolute gain of an 

MR over an SR is given by

Accordingly, the pair of �th and PR should satisfy

to achieve the Δabs of ΔTG, where W−1 ( ⋅ ) denotes the lower 
branch of the Lambert W function. Approximation (b) in (9) 
is due to the result in [23]. Additionally, it should be noted 
that ΔTG can take a value only in 

[
0, 1∕e

]
 because 1∕e is the 

maximum value of Δabs.

Remark 3 (Effectiveness of MR in low-PR fields): The 
context in Observation 3 encourages the use of MR in low-PR 
locations. Note that max

(
Δabs

)
 and P∗

R
 are monotonically in-

creasing and decreasing functions for N, respectively, which 
allows us to argue for the benefits of MR at low-PR locations. 
As shown in Figure 1, the MR gain at max

(
Δabs

)
 is especially 

notable for small N s. In other words, additional installation 
of a few more antennas provides substantial Pdiv gain at P∗

R
, 

which is supposed to be low. Recalling Figure 1, using four 
antennas yields a max

(
Δabs

)
 of 70% and increasing the num-

ber of antennas to seven increases max
(
Δabs

)
 beyond 90%.

Remark 4 (Connection with network field testing): In 
practice, statistics based on empirical measurements are typ-
ically used for evaluating mobile network deployments. For 
example, ITU-R recommends evaluating networks using the 
ESR criterion when the field measurements are conducted by 
driving through a network coverage area [24]. The field test 
reports following the ITU-R recommendation usually analyze 
ESR curves with respect to field strength to determine how 
many reception successes (or failures) are observed under 
each (average) field strength [25]. This approach lies in the 
same vein as the coverage probability concept discussed in 
this paper, so we emphasize that coverage probability could 
play a role as a theoretical counterpart to the ESR measure.

Remark 5 (Geometric coverage perspective): The results 
in Observations 1–3 can also provide an intuition for geomet-
ric service coverage as well as the number of service-available 
users. If we assume that a population of potential users is uni-
form over a two-dimensional geometric field, then a convinc-
ing propagation loss model connects Pdiv to valuable insights 
for determining the geometric/demographic coverage.

Let the propagation loss be defined as F (r) ≜
PR(r)

PT

, where the 
transmission power, measured at the reference distance r0 > 0 is 

denoted as PT ≥ 0 and r ≥ r0 denotes the distance between the 
Rx and Tx. The expression PR (r) is here used to note the de-
pendency of PR on r. As is generally known, F (r) is expected to 
be a monotonically decreasing function of r. Therefore, when at 
least ∃pTG ≥ 0 coverage probability is desired for the network, 
the maximum r that allows Pdiv ≥ pTG can be expressed as

for PTG
R

≜ P− 1
x

(pTG) with � ∈ {div, s}. Simply speaking, redge 
refers to the distance to the coverage edge, in which the target 
coverage probability pTG is to be guaranteed at the coverage edge. 
Note that redge is definitely dependent on N and �th. As we assume 
the transmission and propagation are isotropic, the network's geo-
metric coverage �N is expected to be a disk with a size of

for an N-antenna MR (N = 1 is for an SR). This representation 
allows us to calculate the coverage area gain of an MR by

which is also equal to the ratio of the amount of service-available 
users if the user distribution is given as uniform.

Remark 6 (Channel correlation effect): In practice, an 
MR might suffer from unexpected degradation due to the cor-
relation among channel branches. The report in [26] showed 
that a multi-antenna channel can be correlated even when the 
spacing between all adjacent antennas exceeds �∕2, especially 
under far-field conditions. By referring to [26] and [27], the 
modified small-scale fading channel can be expressed as 
h̃ ≜ hR

1∕2, where h ≜
[
h1, h2, ⋯ , hN

]
 comprehensively rep-

resents the Rayleigh fading components in vector form and R 

(8)Δabs|N=2 =
�th(

1 − cICI�th

)
PR

exp

(
−

�th(
1 − cICI�th

)
PR

)
.

(9)

�
th(

1 − c
ICI
�

th

)
P

R

= −W−
1

(
−Δ

TG

) (b)
≈

1

4
+

√
2ln

(
1

Δ
TG

)
− 2 +

3

4
ln

(
1

Δ
TG

)
.

(10)redge

(
N, �th, P

TG
R

)
≜F

−1

(
P

TG
R

PT

)
.

(11)||�N
|| = �r2

edge
.

(12)
||�N

||
||�1

||
=

(
redge

(
N, �th, P− 1

div

(
pTG

))

redge

(
1, �th, P− 1

s

(
pTG

))
)2

,

F I G U R E  1   MR gain max
(
Δabs

)
 vs. N
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represents the channel correlations among the receive anten-
nas. A �∕2-spaced uniform circular array correlation matrix 
R in a one-ring scattering model can be defined as

where � is the relative angle of arrival and � is the angular 
spread [26]. Let {�2

i
}i ∈{1, ⋯, N} denote the eigenvalues of R. 

Since the elements of h follow IID �� (0, 1), | | h̃ | |2 con-
forms to a generalized chi-squared distribution with coeffi-
cients �2

i
 s, whose PDF is given as fcorr(x) =

∑N

i

exp

�
−

x

�2
i

�

�2
i

∏N

j= 1

j≠ i

�
1−

�2
j

�2
i

� when every �i 
is different from the others.

Such rearrangement induces a certain degradation of Pdiv. 
Figure 2 presents an example of this degradation by compar-
ing the PDFs of | |h | |2 and | |

∼

h | |2. For the correlated case, a 
4-antenna R with � = �∕4 and � = 2� is considered, which has [
�2

1
, �2

2
, �2

3
, �2

4
[=] 1.3042, 1.1812, 0.7349, 0.7797

]
. As shown 

in Figure 2, | | h̃ | |2 is more concentrated at the lower realiza-
tions than | |h | |2, so Pdiv is decreased as a consequence. Note 
that our previous results on Pdiv drawn from the non-correlated 
case can easily be revised by taking | | h̃ | |2 into account, since 
fcorr (x) is given in a tractable exponential form.

Remark 7 (SIMO-MISO duality): Similar to many 
studies that have tackled the equivalence of SIMO and 
multiple-input single-output (MISO), our approach can be 
readily applied to MISO systems in single frequency net-
works (SFNs) [28–30]. Note that on the one hand, [11] has 
verified the SFN diversity to enhance the signal robust-
ness against channel mobility via extensive simulations. If 
we consider an SFN with N Txs, each MR channel branch 
can be mapped to the Tx-to-Rx channels of the MISO dual 
system. However, the overall MRC-combined channel gain 
in the MISO case would be realized by a generalized chi-
squared distribution, that is, to follow fcorr ( ⋅ ), because the 
Rx distances from each Tx will probably be different from 
each other, unlike in the SIMO case. Moreover, the MRC 
could not always be properly obtained in MISO SFNs since 
the delay control of SFN could not be appropriate for every 
reception at an arbitrary location. On the contrary, SIMO 
also has a potential drawback in that MR channel branches 
are more likely to be correlated in practice.

4  |   LDM GAIN FOR MOBILE 
RECEPTION

In addition to the MR gain, the spectrally efficient feature 
of LDM can further help handling the difficulties in mobile 
environments. In this section, we reveal that LDM tolerates 
ICI better than TDM. Here, the standard two-layer LDM of 

the ATSC 3.0 is addressed. The receptions of two different 
transmission layers of LDM, that is, the core layer (CL) and 
enhanced layer (EL), are separately addressed in Sections 4.1 
and 4.2, respectively. To guarantee fairness, the comparisons 
presented below are drawn under the identical stationary 
user coverage assumption, which means that the LDM and 
TDM services of interest are constrained to have equivalent 
service coverage for non-mobile users.

4.1  |  Mobile reception of LDM CL

We first address the case in which the desired signal is 
conveyed by the LDM CL, whereas the EL, whose power 
is � ∈ (0, 1) times lower than that of the CL, is regarded as 
additive inter-layer interference (ILI) to the desired signal 
[31–34]. To match coverage areas between the LDM CL and 
TDM to be the same for their stationary (that is, non-mobile) 
services, the following shall be satisfied:

where �CL
LDM

 and �CL
TDM

 denote the ToVs of the LDM CL and 
TDM transmissions, respectively, specifically for the case in 
which CL conveys the desired signal in the LDM transmissions.

Using the general expression for MR, one can find 
the  SINR of LDM CL signal to be 

�CL
div, LDM

=

∑N

i= 1
�hi � 2 PR

1 + �

1+
∑N

i= 1
�hi � 2 �PR

1 + �
+ cICI

∑N

i= 1
�hi � 2 PR

1 + �

, which involves 

ILI and ICI in the denominator term. A coverage probability 
of an LDM CL is then defined as

(13)Rm, n ∈ {1, …, N} =
1

2�

� + �

∫
� − �

exp(j�(m − n)sin�)d�,

(14)
1

�CL
LDM

= � +
1 + �

�CL
TDM

,

F I G U R E  2   Probability density functions (PDFs) of aggregate 
channel gains with and without channel correlations (N = 4, � = �∕4, 
and � = 2� for the channel-correlated case) [Colour figure can be viewed 
at wileyonlinelibrary.com]
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under a given average field strength PR. Likewise, the counter-
part for the TDM case is given as

Note that the comparison between PCL
LDM

 
and PCL

TDM
 is determined by the superiority/in-

feriority between �CL
TDM

∕
(
1 − cICI�

CL
TDM

)
 and 

(1 + �) �CL
LDM

∕
(
1 − ��CL

TDM
− cICI�

CL
TDM

)
. From (14), the 

equivalence

can be obtained, where the right-hand side is valid for ∀ cICI𝛿 > 0. 
Consequently, PCL

LDM
> PCL

TDM
 is obtained, which implies that LDM 

is preferable for mobile services.

4.2  |  Mobile reception of LDM EL

LDM transmissions would be beneficial not just for the 
CL-desired case, but also for the case when EL conveys the 
desired service. When the EL is allowed to be transmitted 
with power that is � times lower than that of the CL, as in 
Section  4.1, matching the coverage between LDM EL and 
TDM for stationary service gives.

similarly to (14), where �EL
LDM

 and �EL
TDM

 denote the ToV of LDM 
EL and TDM transmission for the EL-desired case, respectively. 
Unlike in CL, ILI is removed by successive interference can-
cellation before decoding EL signals, and hence the effective 

SINR of EL can be found to be �EL
div, LDM

=

∑N

i= 1
�hi � 2 �PR

1 + �

1+ cICI

∑N

i= 1
�hi � 2PR

 
(see [4] and therein). In fact, we note that the CL component in 
ICI is not removed from the received signal, which causes the 
Rx to suffer from cICI

∑N

i= 1
�hi �2PR of the ICI power during 

EL decoding. In consequence, the coverage probabilities of 
LDM EL and TDM can be expressed as

and

respectively, for a given PR. Equations 19 and (20) clearly show 
that PEL

LDM
= PEL

TDM
. This result may imply that LDM and TDM 

are theoretically equivalent for mobile reception when EL is 
desired at the Rx.

However, it should be noted that (18) deals with the situa-
tion in which LDM EL is forced to have the same stationary 
service coverage with TDM. In addition, the previous studies 
have thoroughly verified that LDM provides significantly 
better spectral efficiency than TDM when multiple services 
with unequal error protections are intended. Moreover, LDM 
in practice may even offer more efficient framing with less 
overhead.1 If (18) is satisfied, LDM EL would probably be 
able to send substantially more data than the TDM configura-
tion. In other words, LDM could probably use the reserved 
spectral ability to expand the coverage (that is, lowering �EL

LDM
 

from that of (18)). Regarding the previous equalities of (19) 
and (20), PEL

LDM
 may become higher than PEL

TDM
 because of the 

decreased �EL
LDM

. Thus, LDM transmissions would be prefera-
ble to TDM even when the EL contains the desired service.

5  |   NUMERICAL RESULTS

The coverage gain of MR was numerically verified before the 
empirical field trials in a real environment. The simulations were 
obtained for a fc = 600 MHz carrier frequency to analyze the 
MR effect in the UHF band, which is typical for terrestrial broad-
casting in various countries. Referring to the ATSC 3.0 physical 
layer specification A/322 [35], the transmit signals were consid-
ered to have Ts = 1∕419 s, assuming an ATSC 3.0 waveform 
with a B = 6 MHz bandwidth and 16K-sized FFT. Accounting 
for mobile services in particular, the coverage probability gain 
was analyzed for a service with �th = 5 dB ToV, which ensures 
a Blog2

(
1 + �th

)
= 12.3442 Mbps throughput capacity.

(15)

P
CL

LDM
=Pr

⎡
⎢⎢⎣

∑N

i= 1
�h

i
�2 P

R

1+�

1+
∑N

i= 1
�h

i
�2 �P

R

1+�
+c

ICI

∑N

i= 1
�h

i
�2 P

R

1+�

≥�CL

LDM

⎤
⎥⎥⎦

=Pr

�
N�

i= 1

�h
i
�2 ≥ (1+�) �CL

LDM�
1−��CL

LDM
−c

ICI
�CL

LDM

�
P

R

�
.

(16)PCL
LDM

= Pr

[
N∑

i= 1

|hi|2 ≥
�CL

TDM(
1 − cICI�

CL
TDM

)
PR

]
.

(17)

(1 + 𝛿) 𝜀CL
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ICI
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ICI
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(18)�EL
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=
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�
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TDM
.

(19)
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(20)PEL
TDM

= Pr

[
N∑

i= 1

|hi|2 ≥
�EL

TDM(
1 − cICI�

EL
TDM

)
PR

]
,

 1The use of LDM in ATSC 3.0 reduces the signaling information defining 
the time interleaving for the physical layer pipes (PLPs) mapped into EL. 
Moreover, LDM may offer an additional overhead-reduction gain for other 
subframe parameters, particularly when the counterpart TDM example 
requires multiple subframes (see [35]).
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In Figure  3A, the absolute gain Δabs of MR over SR 
is presented with respect to PR. The MR scenarios with 
N = 2, 3, 4, 10 were addressed specifically for the MR vs. 
SR comparison. As shown in the plots above, the maximum 
peak of Δabs, denoted by max

(
Δabs

)
, increased by N, and the 

peaks arose at the lower P∗
R
 s as N increased. Note that P∗

R
 

is a monotonically decreasing function of N. Figure 3B ac-
cordingly reveals that an MR with larger N provides a signif-
icant improvement in coverage, especially in low-PR regions. 
In addition, Figure 3B validates the argument of Remark 2. 
An MR was demonstrated to be more beneficial for high-
throughput services, and this advantage was more apparent 
for faster Rxs because the effective ToV �th∕

(
1 − cICI�th

)
 in 

Figure 3C increased more rapidly for higher values of v.
Figure  4 shows Pdiv and Ps over the reception signal 

strengths for the case the Rx goes through −90 dBm of sys-
tem noise. Clearly shown by the inflection point shifts, MR 
substantially enhanced the coverage probability as N increased. 
Recalling Remark 1, the MR will attain Pdiv = 1 for every PR as 
N approaches infinity. In the simulations, the MR with N = 4 
required a signal strength 8 dB less than that required by SR to 
guarantee a 95 % coverage probability, where −72 dBm, −80 
dBm, −86 dBm, and −92 dBm were required for 95 % recep-
tion for SR, N = 2, N = 4, and N = 10, respectively.

Remark 8 (Rx velocity effect): We also investigated the 
effect of the Rx velocity through the calculations plotted in 
Figure 5. As can be inferred from the proportional dependency 
of cICI to v2, the reception failures drastically increased by v. 
For PR = −80 dBm in particular, any of the Rxs with N ≤ 4 
were able to achieve a coverage probability of more than 10% 
at v > 280 km/h. However, an MR with more antennas was ver-
ified to offer a greater relative gain in harsh conditions, that 
is, a low-P�∈{div,s} environment, with higher Rx velocity. As 
noted in Observation 1, installing additional antennas would be 
particularly advantageous in high-velocity Rxs.

In addition, Remark 5 was again analyzed through nu-
merical calculations. In particular, an example of the well-
known COST-231 Hata model was explored. According 
to the report [36], the path loss based on the urban Hata 
model is given by

in a logarithm form with a (hR, fc
)
= 3.2(log10 (11.75hR) )2 − 4.97 and

for fc ∈ 200, 1500] MHz, where PT, hT, hR, and r denote the 
transmission power at the Tx, the heights of the Tx and Rx, and 
the distance between the Tx and Rx, respectively.

Based on (21), (3), and (4), the number of service-
available users, whose distances from the Tx are in 

[
r0, r

]
, can 

be calculated from nN (r) ≜ �
r

r0
(P�∈{div,s}(PR (� ) |N)2���d� 

by assuming the potential users to be uniformly distributed 

(21)
10log10 (F (r))=46.3+33.9log10f

c
−13.82log10hT

−a
(
hR, f

c

)
+
(
44.9−6.55log10hT

)
log10r+C

m
.

(22)C
m
=

{
0dB, medium cities, suburban areas

3dB, metropolitan areas
,

F I G U R E  3   (A) Δabs vs. PR, (B) Δrel vs. PR (�th = 5 [dB], v = 80 
[km/h], f

c
= 600 [MHz], T

s
= 1∕419 [s]), and (C) �th∕

(
1 − cICI�th

)
 vs. 

�th f
c
= 600 [MHz], T

s
= 1∕419 [s]) [Colour figure can be viewed at 

wileyonlinelibrary.com]
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with a density �. Figure 6A compared nN (r) for MR and SR 
with respect to r. One can see that the nN (r) gain obtained 
from installing a single additional antenna to an SR was sig-
nificant, whereas that obtained by doubling the N of a two-
antenna MR was relatively small. However, according to the 
results in Figure 6B, the coverage area extension itself was 
proportional to N and the expansion was further substantial 
under more rigorous pTG constraints.

6  |   FIELD EXPERIMENT RESULTS

6.1  |  Test environment description

Empirical results of the mobile field measurements were also 
obtained to verify the MR gain in practice. The Tx facilities 
used for the mobile field trials were installed at Jeju Techno 
Park, Jeju Island, Republic of Korea. The Tx site was located 
357  m above the vertical datum (sea level), and had addi-
tional building and antenna heights of 16 m and 5 m, respec-
tively. ATSC 3.0 radio signals, which contain an audio/video 
(A/V)-carrying media stream, were transmitted over the air 
via Channel 50 (689  MHz), where the transmission power 
was 500 W effective isotropic radiated power with a 50 W 
high-power amplifier output and 10  dB antenna gain. To 
elaborate, the transmission chain, which consists of an audio/
video stream live encoder, an Internet Protocol (IP) stream 
multiplexer, a broadcast gateway, and an exciter, which is 
fully compliant with ATSC 3.0 standards, for example, 
A/321, A/322, and A/324, was used for the experiments.

Figure  2 abstractly depicts the configuration of the 
field trials. For the Rx-side, the measurements were con-
ducted within a test vehicle that has four receive anten-
nas mounted on its rooftop. A 1.9 m × 5.1 m × 1.9 m-size 

utility van customized for radio frequency (RF) field mea-
surements was used for the testing. More precisely, the 
antennas were deployed in a rectangular topology 1.5 m 
in width and 1.7 m in length. At the center of the antenna 
arrangement, a Global Positioning System (GPS) antenna 
for vehicle tracing was installed. Note that the wavelength 
of the 689 MHz wave (≜ �689) is about 0.435 m, and every 
antenna-by-antenna distances was set to be greater than 
�689∕2 to prevent resonant coupling among the antennas. 
Inside the test vehicle, a prototype MR, implemented to 
perform MRC for up to four RF signal inputs (refer to 
Figure 7), was installed along with a spectrum analyzer, 
A/V decoder, and a GPS receiver. These components were 
integrated into a cooperative, and GPS-synchronized, 
measurement/analysis system managed by a dedicated 
software-based control. Measurements were conducted in 
real time through 0–100  km/h drives over the urban and 
suburban regions of Jeju City, Rep. of Korea. The mea-
surement data were combined with the synchronized GPS 
metadata to indicate the reception successes and failures 
at each location across the test route, point-by-point, 
where the GPS positioning data were acquired in one sec-
ond intervals.

6.2  |  MR Gain Verification

To evaluate the MR gain in the experiments, a 16 non-uniform 
constellation (NUC)-mapped, 6/15-rate low-density parity 
check (LDPC)-coded, and 16K fast Fourier transform (FFT)-
modulated ATSC 3.0 physical layer signal was transmitted, 
as described in Table 1. A 1080p FHD video was conveyed in 
the transmission, and the transmission configured by Table 1 
was physically capable of delivering 7.79 Mbps and had a 

F I G U R E  6   (A) Expected number of service-available users vs. 
target area radius, (B) ||�N

|∕|�1
|| vs. N under the Hata path-loss model 

(Noise Level −90 [dBm], �th = 5 [dB], v = 80 [km/h], f
c
= 600 [MHz], 

T
s
= 1∕419 [s], PT = 47.6336 [dBm], r0 = 5 [km], hT = 200 [m], hR = 2 

[m], C
m
= 0 [dB]) [Colour figure can be viewed at wileyonlinelibrary.

com]
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4.56 dB ToV in an additive white Gaussian noise (AWGN) 
channel [37].

It can be graphically found in Figure 8 that the MR 
substantially reduces the reception failures in mobile 
environments.2 For the sake of clarity, each of the reception 
success and failure points is indicated by green and black 
markers, respectively. Focusing on the north side of the sub-
figures, which was the furthest area from the Tx within the 
test route and was also shadowed by terrain features, the use 
of additional receive antennas explicitly converted more re-
ception failure points into reception success points. Moreover, 
the SR reception failure points located on the south side of 
the test route, which arose from several obstacles, such as 
buildings and hilly areas, were successfully covered by the 
use of multiple antennas, which demonstrated the effective-
ness of MR in practice.

The field test results were more precisely investigated 
through ESR5 curve analysis. Using the ITU-R recommen-
dation, the portion of successful reception points out of the 
total measurement points, the so-called successful reception 
rate, is plotted in Figure  9. It should be noted that while 
the successful reception rate is an empirical term, it can be 
translated into the coverage probability from previous sec-
tions. Observed in Figure 9, the N = 4 MR achieved the 7 dB 
required signal strength gain for 95 % coverage probability 
compared to the SR. If we simulate on the basis of the Hata 
model and assume that a signal strength of −80 dBm appears 
at r = 1.3 km, then the impact of this 7 dB gain translates into 

a 315% increase in coverage area compared to the SR. This 
result may be highly encouraging for network enablers, since 
a coverage area expansion could allow seamless mobile ser-
vices of FHD within legacy infrastructures. In other words, 
the capital and operating expenditures (CAPEX and OPEX) 
required for seamless mobile broadcasting can be signifi-
cantly reduced by distributing MR on vehicles.

6.3  |  MR Performance under LDM and 
TDM Transmissions

Additional brief experiments were conducted to verify the 
mobile MR performance under LDM, particularly based on 
the configuration in Table 2. Each physical layer parameter 
configuration was denoted by �sgl, �TDM, and �LDM, where 
�sgl and �TDM correspond to TDM scenarios and �LDM stands 
for LDM transmission.3 We specifically focused on the mo-
bile delivery of UHD contents at near-20 Mbps bit rates. To 
ensure a fair comparison, �TDM was configured to have two 
different subframes in each frame, where the 2nd subframe 
was defined to have a throughput analogous to the EL of 
�LDM. Correspondingly, the EL of �LDM, the 2nd subframe of 
�TDM, and �sgl were compared. Therefore, a comparison was 
conducted between the LDM EL and the corresponding TDM 
subframe modulated by high-order constellation mapping.

 2Although experiments for different $$N$$ s were not carried out 
simultaneously, every selected trial was heuristically controlled to secure 
the same reception environment to each other as possible.

 3To be exact, �sgl is not a TDM transmission because it consists of a single 
PLP in each frame. However, the reception performances of single PLP and 
TDM transmissions are identical to each other, and hence we 
comprehensively refer to the �sgl result as a TDM performance.

F I G U R E  7   The schematic illustration of mobile field trials [Colour figure can be viewed at wileyonlinelibrary.com]
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As detailed in Table 2, the service rates of interest in �sgl, 
�TDM, and �LDM were 26 Mbps, 20.18 Mbps, and 20.46 Mbps, 
respectively. The corresponding ToVs of �sgl, �TDM, and �LDM 
measured in the AWGN channel were 15.87 dB, 17.86 dB, and 
19.59 dB, respectively.

The field test results for the LDM/TDM comparison with 
mobile MRs are illustrated in Figure  11. As visualized by 
the green and black markers, �sgl yielded an obviously worse 
reception performance than the others, while �TDM and �LDM 
were found to have similar coverage. This performance deg-
radation of �sgl was mainly due to the use of a larger FFT size. 
Large FFTs yield narrow subcarrier spacings, leading to high 
ICI levels, which make the waveforms fragile to mobility (see 
[11], [19] and therein). Given the concern of the vulnerability 
of large-size FFT to mobility, the physical layer guideline for 
ATSC 3.0 [12], does not recommend the use of a 32K FFT 
for mobile services. Note also that �TDM can achieve up to 
27.65 Mbps when the 1st subframe is removed, which im-
plies that �TDM provides even more throughput than �sgl. As 

for the practice of ATSC 3.0, our result in Figure 7 could ac-
cordingly contribute as an example that justifies the omission 
of 32K-FFT from ATSC 3.0 mobile service profiles.

Besides, the analogous performances of �TDM and �LDM 
are encouraging since the LDM CL served 2.28 Mbps more 

T A B L E  1   ATSC 3.0 physical layer configuration for field tests 
- MR diversity gain verification

Frame Length (Symbol-Aligned) 255.33 ms

Occupied Bandwidth 5.832844 MHz

Bootstrap Sample Length 1/6.144 us

Bootstrap Carrier Spacing 3 kHz

Preamble/Payload Sample Length 1/6.912 us

Preamble/Payload Carrier Spacing 421.875 Hz

Preamble
Parameters

FFT Size 16K

Guard Interval 148.148 us (GI5_1024)

Pilot Pattern SP Dx = 3

Signaling Protection L1-Basic Mode 1

# of Preamble 
Symbols

1

Payload
OFDM
Parameters

FFT Size 16K

Guard Interval 148.148 us (GI5_1024)

Pilot Pattern SP6_2 (Dx = 6, 
Dy = 2)

Pilot Boosting 1 (1.202 dB)

# of Payload Symbols 98

Time Interleaver CTI Depth of 1024

Frequency Interleaver On

Subframe Boundary 
Symbol

First: On, Last: On

Payload
BICM
Parameters

Outer Code BCH

Inner Code 6/15 LDPC 
(64 800 bits)

Constellation 16 NUC

Data rate 7.79 Mbps

Required C/N (AWGN) 4.56 dB

F I G U R E  9   Reception success and failure points over the testing 
route: Reception success (green), reception failure (black). SR (upper-
left), MR with N = 2 (upper-right), and MR with N = 4 (bottom) 
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  8   Experiment environment description: Prototype 
MR implementation (upper-left), real-time signal analysis within the 
test vehicle (upper-right), and antenna installation at the test vehicle 
(bottom) [Colour figure can be viewed at wileyonlinelibrary.com]
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data than the 1st subframe of �TDM. According to Section 4.2, 
LDM EL does not provide additional tolerability to ICI. 
Further, �LDM yielded slightly more reception failures be-
cause �LDM was originally configured to have a higher ToV 
than �TDM in the AWGN channel. Nevertheless, the result in 
Figure 10 implies that the efficient framing feature of LDM 
(particularly for unequal error protection scenarios with mul-
tiple services) could offer better EL mobile performance than 
TDM if the bit-interleaved coded modulation (BICM) config-
uration is properly adjusted for mobile UHD purposes.

7  |   CONCLUSION

This study analyzed the reliability gain that can be obtained by 
using multiple antennas in mobile broadcasting Rxs mounted 
on vehicles. The advantages of MR over SR were verified in 

terms of coverage probability, particularly as a function of the 
ratio between the ToV and field strength. Analytical deriva-
tions revealed that MR achieves significantly better coverage 
probability than SR, especially under harsh conditions with 
low ergodic field strengths and high SINR requirements. These 
results were carefully extended to discover the gains in terms 
of geometric coverage and served-user volume. To incorporate 
the practical transmission scenarios with multiple services in 
a single RF band, the mobile reliability gain of LDM was ad-
ditionally examined through comparisons with TDM on top 
of our framework. Moreover, the field measurement results 
obtained from the on-air ATSC 3.0 broadcast transmissions 
demonstrated that MR with a few more antennas achieves no-
table reliability gain over SR. Specifically, compared to the 
field strength requirements of SR, a field strength of approxi-
mately 7 dB less was required for a four-antenna MR to guar-
antee a 95% ESR for a 7.79 Mbps FHD service. Owing to the 

T A B L E  2   ATSC 3.0 physical layer configuration for LDM/TDM comparison tests

Scenario �
sgl

�
TDM

�
LDM

Frame Length (Symbol-Aligned) 354 ms 185.85 ms

Occupied Bandwidth 5.832 844 MHz

Bootstrap Sample Length 1/6.144 us

Bootstrap Carrier Spacing 3 kHz

Preamble/Payload Sample Length 1/6.912 us

Preamble/Payload Carrier Spacing 210.9375 Hz 421.875 Hz

Preamble
Parameters

FFT Size 32K 16K

Guard Interval 148.148 us (GI5_1024)

Pilot Pattern SP Dx = 12 SP Dx = 6

Signaling Protection L1-Basic Mode 3 L1-Basic Mode 1

# of Preamble Symbols 1

Payload
OFDM
Parameters

FFT Size 32K 16K

Guard Interval 148.148 us (GI5_1024)

Pilot Pattern SP24_2 (Dx = 24, Dy = 2) SP12_4 (Dx = 12, Dy = 4)

# of Payload Symbols 71 Sub1: 19, Sub2: 53 60

Time Interleaver CTI Depth of 1024

Frequency Interleaver On

Subframe Boundary 
Symbol

First: On, Last: On

Injection Level N/A -5 dB

Payload
BICM
Parameters

Outer Code BCH

Inner Code 9/15 LDPC Sub1: 10/15, Sub2: 8/15 
LDPC

CL: 6/15, EL: 
10/15 LDPC

Constellation 256 NUC Sub1: QPSK, Sub2: 1k NUC CL: QPSK, EL: 64 
NUC

Data rate 26 Mbps Sub1: 1.80 Mbps, 
Sub2: 20.18 Mbps

CL: 4.08 Mbps, 
EL: 20.46 Mbps

Required C/N (AWGN) 15.87 dB Sub1: 3.07 dB, 
Sub2: 17.86 dB

CL: 2.85 dB, 
EL: 19.59 dB
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substantial tolerability gain against Rx mobility, MR was veri-
fied to be a convincing solution for distributing mobile FHD/
UHD broadcasts in the future automotive era.
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