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1
Introduction
The study item, “Study on LTE Device to Device Proximity Services” was approved at RAN#58 [1]. In line with the study item description [1], RAN1 should define channel models as well as evaluation methodologies for D2D discovery and direct communication. 
This contribution studies D2D channel model, leaving our views on D2D evaluation methodologies for general usage and public safety in separate contributions [11] and [12], respectively. 
Basically, the most important information to predict the propagation characteristics is the path-loss between transmitter (TX) and receiver (RX) and this path-loss depends on the carrier frequency, the height of TX/RX antenna, the propagation environment, and the distance between TX and RX. The only precise way to characterize channel model is field measurement. However, field measurement is time consuming and expensive job so that we have to consider alternative options to determine D2D channel model. One way is to reuse the existing channel models given in [3]-[7]. They were originally defined for the links between eNBs and UEs and we call them as “eNB-to-UE models”. The other way is to adopt the channel models given in [8]-[10]. They were specifically defined for the propagation between low-height terminals and we call them as “UE-to-UE models”.
The eNB-to-UE models mainly assume that operating frequency ranges from 2 GHz to 6 GHz. Furthermore, these models assume that eNBs have different antenna heights for various evaluation scenarios. For example, as shown in Table 1 in Annex A, antenna heights of eNB are 25m for urban macro-cell (UMa), 10m for urban micro-cell (UMi), and 3-6m for indoor hotspot (InH)
. In D2D discovery and direct communication, the antenna heights of both TX and RX should be lowered to the typical UE antenna height (1.5m). Therefore, if we want to reuse the eNB-to-UE models in D2D discovery and direct communication, we have to investigate the effect of antenna height on those propagation models.
On the other hand, we can consider the UE-to-UE models as D2D channel model. Especially, the path-loss model in [8] is based on measurements made in the frequency range of 300 MHz – 3 GHz, assuming that antenna heights of both TX and RX are between 1.9 m and 3 m. Meanwhile, the path-loss model provided in [9] is defined for TETRA
 direct mode operation (TETRA DMO). TETRA DMO assures efficient communications in emergency situations, where TETRA terminals communicate with each other without network support. TETRA DMO is frequently used in wide open areas (highways and rural environment) for frequency range of 150 MHz – 900 MHz. There is another UE-to-UE models, which was already used for LTE evaluation; modified Xia model. Xia model is the simplified version of the analytical model for predicting path loss in urban and suburban environments was developed in [10]. The model was modified in [7] for outdoor UE-to-UE path-loss model and it could also be the other candidate for the D2D channel model.
Motivated by the discussion above, we will discuss the influence of the antenna height on the existing eNB-to-UE path-loss models, and compare these models with the UE-to-UE path-loss models under consideration.
2
Path-loss models
This section discusses path-loss models summarized in Annex A. For a few propagation scenarios such as UMa, UMi, and InH, we compare characteristics of those models. In Annex B, we plot the path-loss in [dB] as a function of distance in [m] for each model. In all the Figures, we set the carrier frequency to 2GHz.
2.1
Effect of the antenna heights on eNB-to-UE path-loss models
For D2D discovery and direct communication, it is assumed that both TX and RX are located at the same height. We can simply assume the antenna height as 1.5m, which is the typical value for the antenna height of a UE. As the eNB-to-UE channel models are mainly designed for modeling the links between eNBs and UEs, the antenna height applicable for the eNB is typically high. When the eNB-to-UE channel models are used for D2D evaluations, the TX antenna height (which is the base station height in downlink, i.e., hBS) has to be modified into hBS = 1.5 m. In order to understand the effect of antenna height on eNB-to-UE path-loss models, we plot the path-loss for each propagation model in UMa, UMi and InH scenarios by applying (i) the default antenna heights (can be found in Table 1 in Annex A) and (ii) the antenna height for D2D (i.e. hBS = 1.5 m) in Annex B. 
2.2
UE-to-UE path-loss models
For characterizing the property of the link between two UEs, at least three channel models are available in the literature such as (i) ITU-R P. 1411.6, (ii) TETRA DMO, and (iii) modified Xia model in TR 36.828.  
ITU-R Recommendation P.1411.6 contains several propagation models for the planning of short-range outdoor radio communication systems and radio local area networks. Especially, the LOS and NLOS path-loss models between two terminals of low height in urban environment are included. The values of path loss can be adjusted by changing the required location percentage, p (e.g. p = 1, 10, 50, 90, 99, etc) [8]. CEPT SE21
 model in TETRA DMO standards is applicable for distances between transmitter and receiver shorter than 1km and appropriate for open areas [9]. Modified Xia model in [7] is applicable for both UMa and UMi outdoor environments.
2.3
Discussion
In Figure 1, Figure 2, Figure 4, and Figure 5, it is commonly found that the path-loss increases as the TX antenna height becomes 1.5m. In particular, it is observed from Figure 1 and Figure 2 that the path-loss in UMa outdoor calculated with NLOS of ITU-R M.2135 increases significantly when the antenna height of 1.5 m is applied. This is because the NLOS path-loss equation of ITU-R M.2135 for UMa (can be found in Annex A) contains a (h/hBS)2log10(hBS) term, which becomes a large number when hBS becomes very small. We note that the NLOS path-loss equation of WINNER II does not suffer from this effect. Meanwhile, it is shown from Figure 4 and Figure 5 (also Table 1) that the path-loss of ITU-R M.2135 in UMi outdoor is identical to that of WINNER II, especially in the case of Manhattan grid model.
On the other hand, in Figure 3 and Figure 6, the path losses of modified Xia model in TR 36.828, ITU-R P.1411.6 (p = 50), and TETRA (CEPT SE21) are compared as well as those of ITU-R M.2135 and WINNER II. ITU-R P.1411.6 and TETRA (CEPT SE21) models closely coincide with each other except for 40 ≤ d ≤ 100. Especially for d ≤ 40, both models are identical to the free-space path-loss model [8]. 
From Figure 1 to Figure 6, we find that some eNB-to-UE models show higher path-loss than the UE-to-UE models when the antenna heights decrease, but other eNB-to-UE models do not. Thus, we may not easily conclude which of them would be the best choice for outdoor D2D channel model by seeing the figures. We rather choose the path-loss model in ITU-R P.1411.6 since the model is based on actual measurements between two devices in urban outdoor environment. Moreover, the applicable frequency range of this model is wide enough to cover the frequency bands for LTE systems.
Observation 1: For outdoor-to-outdoor environment, channel model in ITU-R P.1411.6 is a good candidate.
From Figure 7 and Figure 8, it is found that the path losses for UMi outdoor-to-indoor (O-to-I) in ITU-R M.2135 and WINNER+ increase as TX antenna height becomes lower to 1.5 m. However the path-loss for UE-to-HeNB link in TR 36.814 does not vary as antenna height, simply because the path-loss equation is not a function of antenna height (see Table 1 in Annex A). However, if we assume that HeNB is installed at the same position as A.P. (access point), the antenna height of HeNB is approximately similar to that of UE. From figures 8, we do not see any superiorities among path-loss models for UMi O-to-I in ITU-R M.2135/WINNER+ and UE-to-HeNB path-loss model. We choose UE-to-HeNB path-loss model in TR 36.814 as a candidate for O-to-I D2D channel model, since this model has been already used for LTE evaluation.
Observation 2: For outdoor-to-indoor (O-to-I), TR 36.814 (UE-to-HeNB) channel model is a good candidate.
From Figure 9, it is observed that the path-loss model for UE-to-HeNB link in TR 36.814 seems better for InH environment compared to ITU-R M.2135 and WINNER II models because the UE-to-HeNB model reflects various penetration situations precisely (see Table 1 in Annex A).
Observation 3: For indoor-to-indoor (I-to-I), UE-to-HeNB channel model in TR 36.814 is a good candidate.  

3   Shadowing and small scale fading
It is well known that signal propagation is also affected by shadowing and small-scale fading (i.e., multi-path fading) as well as path-loss. Since the shadowing is generally modeled as lognormal distribution with zero mean and standard deviation (σ), we want to reuse standard deviation of the shadowing for each environment proposed in [3], [4], [6], and [7]. More specifically, we recommend that for outdoor UE-to-UE, σ is 12dB as provided in [7]. For shadowing in O-to-I environment, 7dB can be used as given in [3], [4], and [6]. Finally, we can exploit σ as 4dB for I-to-I environment.
On the other hand, signal propagation suffers from multi-path fading due to the combination of randomly delayed signal components caused by reflection, scattering and diffraction. In order to properly reflect these impairments in D2D evaluation, some small scale parameters such as delay spread, AoA, AoD, number of clusters, etc should be considered. Those parameters are already well-defined in [3], [4], and [6].
Observation 4: In order to model shadowing and multi-path fading, we recommend ITU-R M.2135, WINNER II, or TR 36.814.
4   Conclusion
This document has discussed the path-loss model, shadowing, and small-scale fading for D2D. We have considered the channel models proposed in ITU-R M.2135, WINNER II (WINNER+), ITU-R P.1411.6, TETRA DMO, modified Xia in TR 36.828 and TR 36.814. Based on our investigation, we recommend RAN1 to take into account two models for D2D evaluation, ITU-R P.1411.6 and TR 36.814 (UE-to-HeNB) channel models. Our observations on these models are as follows:
	
	Path-loss model
	Note

	Outdoor-to-Outdoor
	ITU-R P.1411.6
	· It is based on actual measurement results in urban outdoor environment.
· It supports flexible frequency range (i.e., 300MHz – 3GHz)

	Outdoor-to-Indoor
	UE-to-HeNB channel model in TR 36.814
	· It is already used in LTE-A evaluation.
· It supports various indoor scenarios: outside the building, within the same building, within different building.

	Indoor-to-Indoor
	
	


	
	Shadowing standard deviation
	Multi-path fading

	Outdoor-to-Outdoor
	σ = 12dB
	Multi-path fading parameters in ITU-R M.2135, WINNER II or TR 36.814 can be reused.

	Outdoor-to-Indoor
	σ = 7dB
	· 

	Indoor-to-Indoor
	σ = 4dB
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Annex A. Path-loss models
Table 1: Summary of the path-loss models
	Reference
	Scenario
	Path-loss [dB]
Note: fc is given in GHz and distance in meters.
	Applicability range, antenna height default values

	ITU-R M.2135
	UMa
	LOS
	PL = 22.0log10(d) + 28.0 + 20log10 (fc)

PL = 40log10(d) + 7.8 – 18log10(h‘BS) 
– 18log10(h‘UT) + 2log10 (fc)
	10 m < d < d‘BP1)
d‘BP < d < 5000 m1)
hBS = 25 m1), hUT = 1.5 m1)

	
	
	NLOS
	PL = 161.04 – 7.1log10(W) + 7.5log10(h) 
– (24.37 – 3.7(h/ hBS)2)log10(hBS) 

+ (43.42 – 3.1log10(hBS))(log10(d) – 3)
+ 20log10 (fc) – (3.2(log10(11.75hUT))2 

– 4.97)
	10 m < d < 5000 m
h = avg. building height
W = street width
hBS = 25 m, hUT = 1.5 m

W = 20 m, h = 20 m
The applicability ranges:
5 m < h < 50 m
5 m < W < 50 m
10 m < hBS < 150 m
1 m < hUT < 10 m

	
	UMi
	LOS
	PL = 22.0log10(d) + 28.0 + 20log10 (fc)

PL = 40log10(d) + 7.8 – 18log10(h‘BS) 
– 18log10(h‘UT) + 2log10 (fc)
	10 m < d < d‘BP1)
d‘BP < d < 5000 m1)
hBS = 10 m1), hUT = 1.5 m1)

	
	
	NLOS
	Manhattan grid layout:
PL = min(PL(d1, d2), PL(d2, d1))
where:
PL(dk,dl) = PLLOS(dk) + 17.9 – 12.5nj + 10njlog10(d1)
        + 3log10(fc)
and
nj = max(2.8 – 0.0024dk, 1.84)
PLLOS: path loss of scenario UMi LOS and
k,l ∈ {1,2}
Hexagonal grid layout: 
PL = 36.7log10(d) + 22.7 + 26log10 (fc)
	10 m < d1 + d2 < 5000 m,
w/2 < min(d1, d2)
w = 20m (street width)
h‘BS=10m, h‘UT = 1.5m
When 0 < min(d1, d2)< w/2
the LOS PL is applied.
10 m < d < 2000 m
hBS = 3-6 m, hUT = 1-2.5 m

	
	
	O-to-I
	PL = PLb + PLtw + PLin
Manhattan grid layout (θ known):
PLb = PLB1(dout + din)
PLtw = 14 + 15(1 – cos(θ))2
PLin = 0.5din
where
dout: distance from eNB to the wall next to UT location
din: perpendicular distance from wall to UT
Hexagonal grid layout (θ unknown):
PLtw = 20, other values remain the same.
	10 m < dout + din < 1000 m,
0 m < din < 25 m,
hBS=10m, 
hUT = 3(nFl – 1) + 1.5m
nFl =1 (number of floor)
PLb: basic path-loss,
PLB1: loss of UMi outdoor scenario,
PLtw: loss through wall,
PLin: loss inside,
θ: angle between LOS to the wall and a unit vector normal to the wall

	
	InH2)
	LOS
	PL = 16.9log10(d) + 32.8 + 20log10 (fc)
	3 m < d < 100 m
hBS = 3-6 m, hUT = 1-2.5 m

	
	
	NLOS
	PL = 43.3log10(d) + 11.5 + 20log10 (fc)
	10 m < d < 150 m
hBS = 3-6 m, hUT = 1-2.5 m

	WINNER II
	C2
(UMa)
	LOS
	PL = 26log10(d) + 39 + 20log10 (fc /5)

PL = 40log10(d) + 13.47 – 14.0log10(h‘BS) 
– 14.0log10(h‘UT) +6.0log10 (fc /5)
	10 m < d < d‘BP1)
d‘BP < d < 5000 m1)
hBS = 25 m1), hUT = 1.5 m1)

	
	
	NLOS
	PL = (44.9 – 6.55 log10 (hBS))log10(d) + 34.46
+ 5.83log10(hBS) + 23log10 (fc /5)
	50 m < d < 5000 m
hBS = 25 m, hUT = 1.5 m

	
	B1
(UMi)
	LOS
	PL = 22.7log10(d) + 41.0 + 20log10 (fc /5)

PL = 40log10(d) + 9.45 – 17.3log10(h‘BS) 
– 17.3log10(h‘UT) + 2.7log10 (fc /5)
	10 m < d < d‘BP1)
d‘BP < d < 5000 m1)
hBS = 10 m1), hUT = 1.5 m1)

	
	
	NLOS
	PL = min(PL(d1, d2), PL(d2, d1))
where:
PL(dk,dl) = PLLOS(dk) + 20 – 12.5nj + 10njlog10(d1)
        + 3log10(fc /5.0)
and
nj = max(2.8 – 0.0024dk, 1.84)
PLLOS: path loss of B1 LOS scenario and
k,l ∈ {1,2}
	10 m < d1 < 5000 m,
w/2< d2 < 2000 m,
w = 20m (street width)
hBS=10m, hUT = 1.5m
When 0< d2 < w/2
the LOS PL is applied.


	
	B4
(O-to-I)
	NLOS
	PL = PLb + PLtw + PLin
PLb = PLB1(dout + din)
PLtw = 14 + 15(1 – cos(θ))2
PLin = 0.5din
where
dout: distance from eNB to the wall next to UT location
din: perpendicular distance from wall to UT
θ: angle between LOS to the wall and a unit vector normal to the wall
	3 m < dout + din < 1000 m,
0 m < din < 25 m,
hBS=10m, 
hUT = 3(nFl – 1) + 1.5m
nFl =1 (number of floor)
PLb: basic path-loss,
PLB1: loss of UMi outdoor scenario,
PLtw: loss through wall,
PLin: loss inside,

	
	B32)
(InH)
	LOS
	PL = 13.9log10(d) + 64.4 + 20log10 (fc /5)
	50 m < d < 5000 m
hBS = 6 m, hUT = 1.5 m

	
	
	NLOS
	PL = 37.8log10(d) + 36.5 + 23log10 (fc /5)
	Same as B3 LOS

	WINNER+
	UMa
	LOS
	Same as WINNER II (C2)
	Same as WINNER II (C2)

	
	
	NLOS
	fc: 0.45 – 1.5 GHz
PL = (44.9 – 6.55 log10 (hBS))log10(d) + 16.33
+ 5.83log10(hBS) + 26.16log10 (fc)

fc: 1.5 – 2 GHz
PL = (44.9 – 6.55 log10 (hBS))log10(d) + 14.78
+ 5.83log10(hBS) + 34.97log10 (fc)

fc: 2 – 6 GHz
Same as WINNER II (C2)
	10 m < d < 5000 m
hBS = 25 m, hUT = 1.5 m

	
	UMi
	LOS
	Same as WINNER II (B1)
	Same as WINNER II (B1)

	
	
	NLOS
	Manhattan grid layout:
PL = min(PL(d1, d2), PL(d2, d1))
where:
PL(dk,dl) = PLLOS(dk) + 17.3 – 12.5nj + 10njlog10(d1)
        + 3log10(fc)
and
nj = max(2.8 – 0.0024dk, 1.84)
PLLOS: the path loss of B1 LOS scenario and
k,l ∈ {1,2}
Hexagonal grid layout:
fc: 0.45 – 1.5 GHz
PL = (44.9 – 6.55 log10 (hBS))log10(d) + 16.33
+ 5.83log10(hBS) + 26.16log10 (fc)

fc: 1.5 – 2 GHz
PL = (44.9 – 6.55 log10 (hBS))log10(d) + 14.78
+ 5.83log10(hBS) + 34.97log10 (fc)

fc: 2 – 6 GHz
PL = (44.9 – 6.55 log10 (hBS))log10(d) + 18.38
+ 5.83log10(hBS) + 23log10 (fc)
	10 m < d1 < 5000 m,
w/2< d2 < 2000 m,
w = 20m (street width)
hBS=10m, hUT = 1.5m
When 0< d2 < w/2
the LOS PL is applied
10 m < d < 2000 m
hBS = 10 m, hUT = 1.5 m

	
	O-to-I
	NLOS
	Manhattan grid layout:
PL = PLout + PLtw + PLin
PLout = PLb(dout + din)
PLtw = 17.64 + 14(1 – 1.8log10(fc)) + 15(1 – cos(θ))2
PLin = 0.5din
where
dout: distance from eNB to the wall next to UT location
din: perpendicular distance from wall to UT
θ: angle between LOS to the wall and a unit vector normal to the wall
Hexagonal grid layout:
PL = PLb(dout + din) + 21.04 + 14(1 – 1.8log10(fc)) 
+ 0.5din
where PLb is the path-loss function of UMi (B1) in LOS scenario.
PL = PLb(dout + din) + 21.04 + 14(1 – 1.8log10(fc)) 
+ 0.5din – 0.8hUT
where PLb is the path-loss function of UMi (B1) in NLOS scenario.
(Use LOS, if BS to wall connection is LOS, otherwise use NLOS)
	3 m < dout + din < 1000 m,
0 m < din < 25 m,
hBS=25m, 
hUT = 3(nFl – 1) + 1.5m
nFl =1 (number of floor)
PLb: loss of UMi (B1) in LOS/NLOS.
PLtw: loss through wall,
PLin: loss inside
10 m < dout + din < 2000 m,


	
	InH3)
	-
	-
	-

	ITU-R
P.1411.6
	LOS
	PLLOS(d,p) = PLLOSmedian(d) + (PLLOS(p)
where
PLLOSmedian(d) = 32.45 + 20log10(fc) + 20log10(d)
(PLLOS(p) = 1.5624σ·((-2ln(1 – p/100))1/2 – 1.1774)
	p is a location correction factor.
σ = 7 dB

	
	NLOS
	PLNLOS(d,p) = PLLOSmedian(d) + (PLNLOS(p)
where
PLLOSmedian(d) = 24.5 + 45log10(fc) + 40log10(d) 
             + PLurban
(PLNLOS(p) = σ·(2)1/2·erf-1(p/50 – 1)
where erf-1(·)is the inverse error function.
	PLurban depends on the urban category and is 0 dB for suburban, 6.8 dB for urban and 2.3 dB for dense urban/high-rise.
σ = 7 dB


	TETRA
	-
	PL1 = 20log10 (1000·fc) + 20log10(d/1000) + 32.44
PL2 = linear interpolation between PL1 and PL3
PL3 = 69.6 + 26.2log10 (1000·fc) 
– 13.82log10[max(30; hmax)] 

+ (44.9–6.55·log10[max(30; hmax)])·log10(d/1000)

– a(fc, hmin) – b(hmax)

where
a = (1.1·log10(1000·fc) – 0.7)·min(10; hmin) 
– (1.56log10(1000·fc) – 0.8)
+ max(0;20log10(hmin/10))
b = min(0;20log10(hmax/30))
	d ≤ 40 m
40 m < d < 100 m
d ≥ 100 m
hmax and hmin are heights of larger antenna and smaller antenna, respectively.


	Modified Xia in TR 36. 828
	UE-to-UE 

Path-loss
	PL = 38.45 + 20log10(d)

PL = 55.78 + 40log10(d)
	d ≤ 50 m
d > 50 m

	TR 36.814

(UE-to-HeNB)
	Dual-stripe model: UE is inside the same apt stripe as HeNB.
	PL = 38.46 + 20log10(d) + 0.7d2D,indoor 
+ 18.3n((n + 2)/(n + 1) – 0.46) + q·Liw
where Liw is the penetration loss of the wall separating apartments, which is 5dB.

In case of a single-floor apt, the last term is not needed.
	d and d2D,indoor are in m.
n is the number of penetrated floors.

q is the number of walls separating apartments between UE and HeNB.

	
	Dual-stripe model: UE is outside the apt stripe.
	Model 1:
PL = max(15.3 + 37.6log10(d), 38.46 + 20log10(d)) 

+ 0.7d2D,indoor +18.3n((n + 2)/(n + 1) – 0.46) + q·Liw + Low
Model 2:

PL = max(2.7 + 42.8log10(d), 38.46 + 20log10(d)) 

+ 0.7d2D,indoor +18.3n((n + 2)/(n + 1) – 0.46) + q·Liw + Low
	Liw is the penetration loss of the wall separating apartments, which is 5dB.

Low is the penetration loss of an outdoor wall, which is 20dB.

	
	Dual-stripe model: UE is inside a different apt stripe.
	Model 1:

PL = max(15.3 + 37.6log10(d), 38.46 + 20log10(d)) 

+ 0.7d2D,indoor +18.3n((n + 2)/(n + 1) – 0.46) + q·Liw 

+ Low,1 + Low,2
Model 2:

PL = max(2.7 + 42.8log10(d), 38.46 + 20log10(d)) 

+ 0.7d2D,indoor +18.3n((n + 2)/(n + 1) – 0.46) + q·Liw 

+ Low,1 + Low,2
	Low,1 and Low,2 are the penetration losses of
outdoor walls for the two houses.


1) Break point distance d‘BP = 4h‘BSh‘UT · f / c where f is the center frequency (Hz). c = 3.0 x 108m/s is the propagation velocity in free space, and h‘BS and h‘UT are the effective antenna heights at the base station (BS) and the user terminal (UT), respectively. The effective antenna heights h‘BS and h‘UT are computed as follows:
h‘BS = hBS – 1.0m,  h‘UT = hUT – 1.0m
   where hBS and hUT are the actual antenna heights, and the effective environment height in urban environment is assumed to be equal to 1.0 m.
2) Note that path-loss models for InH in ITU-R M.2135 and WINNER II are not the functions of antenna heights.
3) WINNER+ dose not define the path-loss model for InH.
Table 2: Summary of LOS probability
	Reference
	Scenario
	LOS probability as a function of distance, d (m)

	ITU-R M.2135
	UMa
	PLOS = min(18/d, 1)(1 – e–d/63) + e–d/63

	
	UMi
	PLOS = min(18/d, 1)(1 – e–d/63) + e–d/63  [image: image3.png]


 
(for outdoor users only)

	
	InH
	If d ≤18,   PLOS = 1

If 18< d < 37,   PLOS = e–(d –18)/27

Otherwise (d ≥ 37),   PLOS = 0.5

	WINNER II
(WINNER+)
	C2
	Same as ITU-R M.2135 (UMa)

	
	B1
	Same as ITU-R M.2135 (UMi)

	
	B3
	If d ≤10,   PLOS = 1

Otherwise (d > 10),   PLOS = e–(d –10)/45

	ITU-R
P.1411.6
	Urban
environment
	If d < dLOS(p),   PL(d, p) = PLLOS(d, p)

If d ≥ dLOS(p) + w,   PL(d, p) = PLNLOS(d, p)

Otherwise,   PL(d, p) = PLLOS(d, p) 

+ (PLNLOS(d + w, p) – PLLOS(d, p))(d – dLOS)/w 
where
dLOS(p) = 212[log10(p/100)]2 – 64log10(p/100),   if p < 45
dLOS(p) = 79.2 – 70(p/100),   otherwise
The width w is a transition region between LOS and NLOS regions (typically, w = 20).

	TETRA
	Open areas
	-

	TR 36.814
	Dual-stripe model: UE is inside the same apt stripe as HeNB.
	 PLOS = 1

	
	Dual-stripe model: UE is outside the apt stripe.
	PLOS = 0

	
	Dual-stripe model: UE is inside a different apt stripe.
	PLOS = 0


Annex B. Path-loss comparison (fc = 2GHz)
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(a) Without probabilities of LOS and NLOS                         (b) With probabilities of LOS and NLOS
Figure 1. Path loss comparison as the function of distance in UMa outdoor: ITU-R M.2135 and WINNER II models where hBS = 25m and hUT = 1.5m.
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 (a) Without probabilities of LOS and NLOS                           (b) With probabilities of LOS and NLOS
Figure 2. Path loss comparison as the function of distance in UMa outdoor: ITU-R M.2135 and WINNER II models where hBS = 1.5m and hUT = 1.5m.
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Figure 3. Path loss comparison as the function of distance in UMa outdoor: ITU-R M.2135, WINNER II, TR 36.828 (Xia), ITU-R P.1411.6, and TETRA (CEPT SE21) models where hBS = 1.5m and hUT = 1.5m.
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  ITU-R M.2135 (UMi): Hexagonal grid

ITU-R M.2135 (UMi): Manhattan grid

WINNER+ (UMi): Hexagonal grid

WINNER II (B1): Manhattan grid


(a) Without probabilities of LOS and NLOS                            (b) With probabilities of LOS and NLOS
Figure 4. Path loss comparison as the function of distance in UMi outdoor: ITU-R M.2135, WINNER II, and WINNER+ models where hBS = 10m and hUT = 1.5m.
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(a) Without probabilities of LOS and NLOS                           (b) With probabilities of LOS and NLOS
Figure 5. Path loss comparison as the function of distance in UMi outdoor: ITU-R M.2135, WINNER II, and WINNER+ models where hBS = 1.5m and hUT = 1.5m.
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ITU-R M.2135 (UMi): Hexagonal grid
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Figure 6. Path loss comparison as the function of distance in UMi outdoor: ITU-R M.2135, WINNE+, WINNERII, modified Xia in TR 36.828, ITU-R P.1411.6, and TETRA (CEPT SE21) models where hBS = 1.5m and hUT = 1.5m.
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  ITU-R M.2135 (UMi): O-to-I (Manhattan grid)

ITU-R M.2135 (UMi): O-to-I (Hexagonal grid)

WINNER+ (B4): O-to-I (Manhattan grid)

WINNER+ (B4): O-to-I (Hexagonal grid)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 1)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 2)
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  ITU-R M.2135 (UMi): O-to-I (Manhattan grid)

ITU-R M.2135 (UMi): O-to-I (Hexagonal grid)

WINNER+ (B4): O-to-I (Manhattan grid)

WINNER+ (B4): O-to-I (Hexagonal grid)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 1)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 2)


(a) BS to wall connection is LOS.                                 (b) BS to wall connection is NLOS.
Figure 7. Path loss comparison as the function of distance in UMi outdoor-to-indoor: ITU-R M.2135, WINNER+ and TR 36.814 models where hBS = 10m and hUT = 1.5m. In ITU-R M.2135, WINNER+ models, we use θ = π/6, din = 3m. On the other hand, we set Liw = 5dB, q = 0, d2D,indoor = 10m, Low = 20dB, and n = 1 in TR 36.814. 
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  ITU-R M.2135 (UMi): O-to-I (Manhattan grid)

ITU-R M.2135 (UMi): O-to-I (Hexagonal grid)

WINNER+ (B4): O-to-I (Manhattan grid)

WINNER+ (B4): O-to-I (Hexagonal grid)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 1)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 2)
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  ITU-R M.2135 (UMi): O-to-I (Manhattan grid)

ITU-R M.2135 (UMi): O-to-I (Hexagonal grid)

WINNER+ (B4): O-to-I (Manhattan grid)

WINNER+ (B4): O-to-I (Hexagonal grid)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 1)

TR 36.814 (UE-to-HeNB): UE is outside the apt. stripe (Model 2)


(a) BS to wall connection is LOS.                                  (b) BS to wall connection is NLOS.
Figure 8. Path loss comparison as the function of distance in UMi outdoor-to-indoor: ITU-R M.2135, WINNER+ and TR 36.814 models where hBS = 1.5m and hUT = 1.5m. In ITU-R M.2135, WINNER+ models, we use θ = π/6, din = 3m. On the other hand, we set Liw = 5dB, q = 0, d2D,indoor = 10m, Low = 20dB, and n = 1 in TR 36.814.
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ITU-R M.2135 (InH): LOS

ITU-R M.2135 (InH): NLOS

WINNER II (B3): LOS

WINNER II (B3): NLOS
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ITU-R M.2135 (InH)

WINNER II (B3)

TR 36.814 (UE-to-HeNB): UE is inside the same apt stripe as HeNB

TR 36.814 (UE-to-HeNB): UE is inside a different apt stripe (Model 1)

TR 36.814 (UE-to-HeNB): UE is inside a different apt stripe (Model 2)


(a) Without probabilities of LOS and NLOS                           (b) With probabilities of LOS and NLOS
Figure 9. Path loss comparison as the function of distance in InH: ITU-R M.2135, WINNER II and TR 36.814 models. We set Liw = 5dB, q = 0, d2D,indoor = 10m, Low = 20dB, n = 1, and Low,1 = Low,2 = 10dB in TR 36.814.
� WINNER II defines UMa, UMi, and InH as C2, B1, and B3, respectively.


� TETRA: Terrestrial Trunked Radio


� CEPT SE21: Conférence Européenne des Postes et des Télécommunications, Spectrum Engineering 21





