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Fig. 3. The average error of the active BS density for 3GPP Case 1 (p =
100 UEs/km?).
Fig. 4. Average error of the active BS density for 3GPP Case 1 (p =
300 UEs/km?).

Based on the MMSE criterion proposed in Subsection IV-F,
we obtain ¢* = 4.73, ¢ = 4.18 and ¢* = 3.97 for
the cases of p = 100UEs/km? p = 300UEs/km? and
p = 600 UEs/km?, respectively. In Figs. 3, 4 and 5, we show
the average errors on the estimated values of \ based on S\UB,
LB and ) (¢*). Note that in these figures, all results are
compared against the simulation results shown in Fig. 2, which
form the baseline results with zero errors. Also note that as
discussed in Subsection IV-B, the exact expression of ALB s
still unknown up to now, but it can be well approximated by
Ao (3.5), presented in (20). Hence, the results of A (3.5) are
displayed in Fig. 4 to represent an lower bound of \.

As an example, from Fig. 4 for p = 300 UEs/km2, we can
draw the following conclusions:

« The proposed upper bound AUB and lower bound \-B
are valid according to the simulation results. More specif-
ically, AUB and ALB are always larger (showing positive
errors) and smaller (showing negative errors) than the
simulation baseline results, respectively.

o AUB is tighter than \*B when )\ is relatively small, e.g.,

when A\ < 30 BSs/km?.

ALB is much tighter than AUB for dense and ultra-dense

SCNs, e.g., A > 100 BSs/km?.

Fig. 5. Average error of the active BS density for 3GPP Case 1 (p =
600 UEs/km?).
Fig. 6. The coverage probability p®¥ (A, ) vs. A for 3GPP Case 1 (y =

0dB, p = 300 UEs/km? and ¢* = 4.18).

e The maximum error associated with Ao (¢*) is smaller
than those of AUB and S\LB, e.g., the maximum error
resulting from Ao (¢*) is around =+0.5 BSs/km?, while
those given by AUB and ALB are around 12 BSs/km? and
-2BSs/km?, respectively. Hence, Ao (¢*) gives a better
estimation on A than both A\UB and \ME.

B. Validation of Theorem 1 for 3GPP Case 1

In Fig. 6, we show the results of p* (\,7y) when p =
300 UEs/km? and v = 0dB, with ¢* = 4.18 plugged into
Proposition 5. As discussed in Section III, p = 300 UEs/km?
is a typical density of active UEs in 5G [3], which will be used
to evaluate network performance in the following subsections.
Note that in our numerical results here and in the following
subsections, the proposed analysis is given by Theorem 1 and
Proposition 5 with ¢* = 4.18. As a benchmark, we also display
the results for p = 400 UEs/km?® with all BSs being active.

As one can observe, our analytical results well match
the simulation results, which validates the accuracy of our
analysis. In fact, Fig. 6 is essentially the same as Fig. 1,
except that the results for the single-slope path loss model
with p = 300 UEs/km? are also plotted here for a complete
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view of the performance behavior. Moreover, Fig. 6 confirms
the key observations presented in Section I:

o For the single-slope path loss model with p =
+00 UEs/km?, the coverage probability approaches a
constant for dense SCNs, as reported in [4]. As p ap-
proaches infinity, all BSs are active. Thus, this scenario
corresponds to a network condition that does not require
the IMC, i.e., the fully loaded network.

o For 3GPP Case 1 with p = +o0 UEs/kmz, and when
the network is dense enough, i.e., A > 20 BSs/km?, the
coverage probability decreases as A increases due to the
NLoS to LoS transition of interference paths [10], leading
to a faster increase of the interference power compared
with the signal power.

o For both path loss models with p = 300 UEs/km?, the
coverage probability performance continuously increases
toward one, i.e., the Coverage Probability Takeoff. This
shows the benefits of the IMC in dense SCNs, as dis-
cussed in Sections I and IV.

C. The ASE Performance for 3GPP Case 1

In Fig. 7, we plot the results of AASE ()X 7o) when p =
300 UEs/km? and vy = 0dB, with ¢* = 4.18 plugged into
Proposition 5.
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Fig. 7. The ASE AASE (), ~0) vs. A for 3GPP Case 1 (y0 = 0dB, p =
300 UEs/km? and ¢* = 4.18).

From Fig. 7, we can draw the following conclusions:

o For 3GPP Case 1, the ASE suffers from a slow growth
or even a slight decrease when A € [20,200] BSs/km?
because of the interference transition from NLoS to
LoS [10]. Such performance degradation has also been
confirmed in Fig. 6.

o After such BS density region of interference transition,
for both path loss models with p = 300 UEs/km? and the
BS IMC, the ASEs monotonically grow as A increases
in dense SCNs, but with noticeable performance gaps
compared with those with p = 400 UEs/km?.

o As discussed in Section IV, the takeaway message should
not be that the IMC generates an inferior ASE in dense
SCNs. Instead, since there is a finite number of the active
UEs in the network, some BSs are put to sleep and thus

the spatial spectrum reuse in practice is fundamentally
limited by p. The key advantage of the BS IMC is that
the per-UE performance should increase with the network
densification as exhibited in Fig. 6.

D. The Performance of 3GPP Case 2

In this subsection, we investigate the performance for 3GPP
Case 2 with an alternative path loss model, Rician fading
and correlated shadow fading, which has been discussed
in Subsection IV-G. Due to the complex modeling of 3GPP
Case 2, it is difficult to obtain the analytical results for 3GPP
Case 2. Hence, we conduct simulation to investigate 3GPP
Case 2 and the results are plotted in Fig. 8. As one can observe
from Fig. 8, all the conclusions in Subsections V-B and V-C
are qualitatively valid for Fig. 8. Only some quantitative
deviations exists, which shows the usefulness of our theoretical
analysis to predict the performance trend for dense SCNs with
the BS IMC.

E. The EE Performance

As discussed in Subsection IV-C, since we consider the
realistic EE performance, we should acknowledge the fact
that modern telecommunication systems usually work in the
interference limited regime and the BS transmission power P
should vary with A. In this section, we formulate P using
the practical power model presented in [3]. Specifically, the
transmit power of each BS is configured such that it provides
a signal-to-noise-ratio (SNR) of ng = 15 dB at the edge of
the average coverage area for a UE with NLoS transmissions,
which corresponds to the worst-case path loss. In addition,

the distance from a cell-edge UE to its serving BS with an

average coverage area is calculated by rg = ﬁ, which is

the radius of an equivalent disk-shaped coverage area with an
area size of % Therefore, the worst-case pathloss is given by
ANLTO_ o™ and the required transmission power to enable a
1o dB SNR for this case can be computed as [3]

1016 Py

P\ = ye=a

(30)

In Fig. 9(a), we plot the BS density dependent transmission
power in dBm to illustrate this realistic power configuration
when 79 = 15 dB. Note that our modeling of P is very
practical, covering the cases of macrocells and picocells rec-
ommended in the 3GPP Long-Term Evolution (LTE) networks.
More specifically, the typical BS densities of LTE macrocells
and picocells are respectively several BSs/km? and around 50
BSs/km? [21]. As a result, the typical P of macrocell BSs and
picocells BSs are respectively assumed to be 46 dBm and 24
dBm in the 3GPP standards [21], which match well with our
modeling of P in Fig. 9(a).

As aresult of (30), PRQT (A) and PEEF (A) in (19) are cal-
culated numerically using the Green-Touch power model [15],
and the results are displayed in Fig. 9(b) assuming a future
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Figure 8. Performance for 3GPP Case 2 (y = 0dB and p = 300 UEs/km?).
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Figure 9. The BS density dependent power configuration.
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Figure 10. The EE performance with the BS density dependent power configuration and various IMC modes.
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SCN BS model in year 2020 and a 10 MHz bandwidth. From
this figures, we can draw the following observations:

o The total power of each active BS, i.e., ngTT (N), is
always larger than that of each idle BS, i.e., PRQT (),
because some BS component(s) will be deactivated to
save energy consumption when a BS enters an idle mode.

o As mentioned in Subsection IV-C, we consider the Green-
Touch slow idle mode and the Green-Touch shut-down

mode to characterize PEOT (M), which are represented

by IMC Mode 1 and IMC Mode 2, respectively. In
comparison, IMC Mode 2 consumes less energy than
IMC Mode 1 as shown in Fig. 9(b).

« Following [3], we also consider two futuristic idle modes
to further characterize PRQT (\), where their energy
consumption is 15% (IMC Mode 3) or 1% (IMC Mode 4)
of that of the Green-Touch slow idle mode (IMC Mode 1).
The former mode (IMC Mode 3) accounts less en-
ergy consumption than the Green-Touch shut-down mode
(IMC Mode 2), and the latter mode (IMC Mode 4)
assumes that a BS consumes almost nothing.

Based on the results of P&t (M) and PLET (N) displayed
in Fig. 9(b), in Fig. 10 we plot the EE performance for 3GPP
Case 1 and Case 2 when p = +oo UEs/km? without the IMC
and p = 300 UEs/km? with various IMC modes.

Here, Fig. 10(a) shows our analytical results for 3GPP
Case | based on the ASE performance exhibited in Sub-
section V-C, while Fig. 10(b) displays our simulation results
for 3GPP Case 2 based on the ASE performance discussed
in Subsection V-D. Although 3GPP Case 2 is more realistic
than 3GPP Case 1, as one can observe from Fig. 10(a) and
Fig. 10(b), the EE performance shows the same trend in both
figures, only with some quantitative deviations. Again, this
indicates the usefulness of our theoretical analysis to predict
the network performance trend for dense SCNs with the BS
IMC.

As discussed in Subsection IV-C, represents the active BS
density, which is a function of A due to the BS IMC. Hence,
\ is used as the x-axis instead of X in Fig. 10.

From Fig. 10, we can draw the following conclusions:

o As predicted in Subsection V-C, the baseline scheme with
p = +0oo UEs/km2, where all BSs are active, is the least
energy efficient scheme for most BS densities.

¢ On the other hand, the EE performance of various IMC
modes benefits from the Coverage Probability Takeoff,
which improves the performance of each active BS as the
SCN densifies, and thus the IMC scheme outperforms the
baseline scheme in terms of the EE. When comparing the
EE performance of different IMC modes, it can be seen
that the lower the power consumption in the idle mode
exhibited in Fig. 9(b), the larger the EE of such IMC
mode.

e When using the Green-Touch slow idle mode (IMC
Mode 1) and the Green-Touch shut-down mode (IMC
Mode 2), the EE first increases and then decreases with
the network densification. This decrease is because the
increase in the ASE provided by the Coverage Probability
Takeoff is not large enough to compensate the increase in

power consumption that the dense network brings about,
mostly because idle BSs following the Green-Touch
power models still consume a non-negligible amount of
energy.

o When considering the EE of the futuristic IMC Mode 3
and IMC Mode 4, the above trend starts changing. For
IMC Mode 3, the EE is always larger than that of the
baseline scheme across all BS densities, as BSs consume
much less energy in this idle mode. For IMC Mode 4,
idle BSs barely consume any energy, and thus the above
trend fundamentally alters, i.e., as the network evolves
into an ultra-dense one, the EE continuously increases.
This help us to conclude that idle mode schemes similar
to IMC Mode 4 are needed to ensure an energy-efficient
deployment of dense SCNs in 5G and beyond.

F. Future Work of Ultra-Dense SCNs

In this subsection, we indicate several research directions
for ultra-dense SCNs:

o It would be good to study a proportional fair (PF) sched-
uler in ultra-dense networks [22]. Currently, in stochastic
geometry analyses, usually a typical UE is randomly
chosen for the performance analysis, which implies that
a round Robin (RR) scheduler is employed in each BS.
However, in the 3GPP performance evaluations, the typi-
cal UE is not chosen randomly and a PF scheduler is often
used as an appealing scheduling technique to smartly
serve UEs that can offer a better system throughput than
the RR scheduler.

o It would be good to study the near-field effect in the con-
text of ultra-dense networks. In particular, the Rayleigh
distance as investigated in [23], should be considered in
the extremely ultra-dense networks because the BS-to-UE
distance becomes very small as the network densifies.

o It would be good to study a non-uniform distribution of
BSs with some constraints on the minimum BS-to-BS
distance [24]. In stochastic geometry analyses, BSs are
usually assumed to be uniformly deployed in the inter-
ested network area. However, in the 3GPP performance
evaluations, small cell clusters are often considered, and it
is forbidden to place any two BSs too close to each other.
Such assumption is in line with the realistic network
planning to avoid strong inter-cell interference.

e It would be good to study ultra-dense networks in
new emerging network scenarios, such as heterogeneous
networks [25], distributed networks [26], high mobility
applications [27, 28], device to device (D2D) communica-
tions [29-31], body area networks [32], unmanned aerial
vehicles [33], etc.

VI. CONCLUSION

In this paper, we have studied the performance impact of
the IMC on dense SCNs considering probabilistic LoS and
NLoS transmissions. The impact is significant on the coverage
probability performance, i.e., as the BS density surpasses the
UE density, the coverage probability continuously increases
toward one in dense SCNs (the Coverage Probability Takeoff),
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addressing the critical issue of coverage probability decrease
that may lead to “the death of 5G”.

Two important conclusions have been drawn from our study:
(i) the active BS density with the mentioned probabilistic LoS
and NLoS path loss model is lower-bounded by that with a
simplistic single-slope path loss model derived in [5], and (ii)
such lower bound, shown in [5], is tight, especially for dense
SCNs. This shows a simple way of studying the IMC in dense
SCNs.

Moreover, from our studies based on practical power models
of the Green-Touch project and realistic 3GPP propagation
models, we conclude that idle mode schemes similar to IMC
Mode 4 are needed to ensure an energy-efficient deployment
of dense SCNs in 5G and beyond.

APPENDIX A: PROOF OF LEMMA 2

To prove Lemma 2, first we would like to emphasize the
insights or the proof sketch of Theorem 1 as follows. In (8),
TL and TN are the components of the coverage probability
for the case when the signal comes from the n-th piece LoS
path and for the case when the signal comes from the n-th
piece NLoS path, respectively. The calculation of T is based
on (9) and (13), which are explained in the sequel.

e In (9), f}in (r) characterizes the geometrical density
function of the typical UE with no other LoS BS and
no NLoS BS providing a better link to the typical UE
than its serving BS (a BS with the n-th piece LoS path).

« In (13), exp S—F,}fyr)) is the probability that the signal
power exceeds the noise power by a factor of at least
v, and f};gg (#(7)) (further computed by (14)) is the
probability that the signal power exceeds the aggregate
interference power by a factor of at least ~.

o Since h follows an exponential distribution, the product
of the above probabilities yields the probability that the
signal power exceeds the sum power of the noise and the
aggregate interference by a factor of at least ~.

The calculation of TN is based on (10) and (15). The
interpretation of (10) and (15) are similar to that for the
calculation of T

Hence, Lemma 2 is valid because:

o For p® (A,7) with the BS IMC and that with all BSs
being active, (9) and (10) are the same, indicating an
increasing signal power as A grows. This is because that
as A increases, to achieve the same ff; , (r) in (9) or

E’I;L (r) in (10), r has to be reduced, meaning that the
typical UE will connect to a nearer BS with a larger signal
power.

o For p¢® (X, ~) with the BS IMC, X is plugged into (14)
and (16), while for p° (), ) with all BSs being active,
A was used in (14) and (16) [10]. The former case is
able to generate a larger p°® (A,+) than the latter one,
since A < X and exp (—x) is a decreasing function with
respect to x in (14) and (16). The intuition is that the
aggregate interference power of the former case with
the BS IMC is less than that of the latter case without,

since 2 (i) in (14) and LR (g ) in

(16) capture the impact of the aggregate interference on
P (A, ), as discussed above.

APPENDIX B: PROOF OF THEOREM 3

For clarity, the main idea of our proof is summarized as
follows:

o We will prove that from a typical UE’s point of view, the
equivalent BS density of the considered UAS based on
probabilistic LoS and NLoS transmissions is larger than
that of the nearest-distance UAS based on single-slope
path loss transmissions.

o Considering such increased equivalent BS density and the
fact that a larger )\ always leads to a larger A due to a
higher BS diversity, we can conclude that A > \™inDis,

First, let us consider a baseline scenario that all BSs only
have NLoS links to UEs. In such scenario, the nearest-distance
UAS is a reasonable one and the active BS density should be
characterized by JminDis [5].

Next, for the proposed scenario with probabilistic LoS and
NLoS transmissions, we consider a typical UE k and an
arbitrary BS b located at a distance r from UE k. Due to
probabilistic LoS and NLoS transmissions, such BS b can be
virtually split into two probabilistic BSs, i.e., a LoS BS b"
to UE k with a probability of Pr™ (r) and a NLoS BS N
to UE k with a probability of (1 —Pr"(r)). Compared with
the baseline scenario that all BSs only have NLoS links to
UEs, the equivalent distance from the NLoS BS bNL to UE
k remains to be r, while that from the LoS BS b to UE k
can be calculated as 1 = arg {¢™V (r1) = ¢ (r)}, which is

shown in (11). The calculati(l);l of ry is straightforward because
it finds an equivalent position for the LoS BS b as if the
LoS transmission is replaced with a NLoS one. Since a LoS
transmission is always stronger than a NLoS one, we have
re<r.

Consequently, in a disk area centered on UE k with a radius
of 71, the equivalent BS number is increased by at least Pr* (1),
which is a non-negative value. Due to the arbitrary value of 71,
from a typical UE’s point of view, the equivalent BS density
of the considered UAS based on probabilistic LoS and NLoS
transmissions is larger than that of the nearest-distance UAS
based on single-slope path loss transmissions. In other words,
the existence of LoS BSs provides more candidate BSs for a
typical UE to connect with, and thus the equivalent BS density
increases for each UE.

Finally, we can conclude that A > A™rDis ~ \j(g),
because a larger A leads to a larger A due to a higher BS
diversity.

APPENDIX C: PROOF OF THEOREM 4

For clarity, the main idea of our proof is summarized as
follows:

o First, we derive an conditional probability that an ar-
bitrary UE w is not associated with an arbitrary BS
b conditioned on the distance between UE w and BS
b being r. Such conditional probability is denoted by
Pr[w ~ b|r].
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o Next, we derive an unconditional probability that an
arbitrary UE w is not associated with an arbitrary BS b
by performing an integral over r considering the uniform
distribution of UEs in the considered network. Such
unconditional probability is denoted by Pr [w ~ b).

« Finally, we derive a lower bound of the probability that
every UE is not associated with an arbitrary BS b, so that
BS b should switch off its transmission. The lower bound
of the BS deactivation probability is then translated to an
upper bound of the active BS density, i.e., A

For convenience, the PDF of the distance between a typical
UE and its serving BS, ie., {fk, (r)} and {fgLn (r)} are
stacked into piece-wise functions written as

SES (r), when 0 <r <dy

Path
f}];ath (T) _ R,2 (7")’ when d] <r S d2

R (r),
where the string variable Path takes the value of “L” and
“NL” for the LoS and the NLoS cases, respectively.

Based on f5%" (1), we define the cumulative distribution
function (CDF) of r as

FRen o) = [ e ) o

In addition, we define the sum of F% (r) and FR(r) as
Fr(r) = F%(r) + FXU (r), which is the CDF of the UE
association distance of the presented UAS. Obviously, we have
Fr (+00) = 1. Then, Pr[w ~ b|r] can be calculated by (25)
because Pr[w ~ b| r] should be the sum of the probabilities
of the following two events that lead to the event [w » b|7]:

o The first term of (25): The link between UE w and BS b
is a LoS one with a probability of Pr" () while UE w is
associated with another LoS/NLoS BS that is stronger
than BS b with a probability of [F§ (r) + FR"(r1)],
with FE (r) and FN" (1) corresponding to the cases of
a stronger LoS BS and a stronger NLoS BS, respectively;

e The second term of (25): The link between UE w and
BS b is a NLoS one with a probability of [1 — prt (r)]
while UE w is associated with another LoS/NLoS
BS that is stronger than BS b with a probability of
[Fg (r2) + FR™ ()], with F§ (r2) and FR" (r) corre-
sponding to the cases of a stronger LoS BS and a stronger
NLoS BS, respectively.

€29

when r > dy_1

(32)

Next, for an arbitrary BS b, we suppose that all its candidate
UEs are randomly distributed in a disk €2 centered on BS b
with a radius of rp,x > 0. Then, for an arbitrary UE w inside
the disk €2, Pr[w ~ b] can be computed by (24), where ffz—r
is the distribution density function with respect to r for UE
w [4], because UEs are assumed to be uniformly distributed.

Finally, the number of candidate UEs inside disk 2, denoted
by K, should follow a Poisson distribution with a parameter
of \q = prr2.,. Thus, the probability mass function (PMF)
of K can be written as [34]

k o~
:)\Qe @

i (k) = 25—

ke{0,1,2,...,}. (33)

Hence, the probability that BS b should be muted, i.e., no UE
is associated with BS b, can be computed by (23).

It is very important to note that (23) ignores the correlation
between nearby UEs inside disk €2, i.e., a UE k not associated
with BS b may imply that a nearby UE k' should have a
large probability of also not connecting with BS b, due to the
possible existence of a high-link-quality BS near UEs k& and
k'. Therefore, Q°% under-estimates the probability that BS b

should be muted, and thus the active BS density A can be
upper-bounded by A (1 — Q°%), which concludes our proof.
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