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ABSTRACT

The 3GPP LTE standard was primarily designed for terrestrial cellular usage. The potential use of
LTE for cellular range telemetry produces some unique technical challenges for LTE technology.
In this paper we examine these challenges in detail, and through the use of system level simu-
lations identify the sensitivity of the performance of LTE-based cellular range telemetry system
performance to key factors such as the ground station antenna pattern and orientation, the propa-
gation model assumed, the number of transmit and receive antenna at the ground station, altitude
of the airborne test article, etc.

INTRODUCTION

The 3GPP LTE standard is well known throughout the world as the current standard in terrestrial
cellular service. Recognizing the persistent and explosive increase in data usage, the LTE standard
was developed with a strong emphasis on spectral efficiency because radio frequency bandwidth is
a precious natural resource. Building on previous cellular technologies, low latency and mobility
in terrestrial deployments were other key considerations for LTE standard design. Although recent
3GPP standardization efforts consider providing LTE service to aerial vehicles and the interference
posed by these, these efforts are still in preliminary stages. The CRTM project presents unique
design challenges that are different from terrestrial cellular systems. Key among these difference
are

1. Traffic pattern: Traditional cellular networks demonstrate asymmetric traffic patterns with
downlink (network infrastructure to user equipment) dominating by a factor of 10. Hence
terrestrial network design concentrates on the downlink. However in the case of telemetry,
the user equipment (planes) is the data source and the telemetry application needs a strong
uplink (from user equipment to network) which is quite the opposite of what is seen in
terrestrial networks. To avoid confusion, we will refer to the user equipment to network link
as the Air-to-Ground (A2G) link.

2. RF propagation and geometry that is quite different from traditional cellular networks.

(a) Antenna design: In traditional cellular networks, the coverage is along the azimuth
and antennae positioned and antenna patterns designed to provide coverage for a cer-
tain azimuth angle range. As a result, terrestrial design is focused on the horizontal
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sectorization. For the telemetry application with planes flying anywhere from 500 ft
above ground to 50000 ft, the concept of horizontal sectorization might be less rele-
vant than vertical sectorization. So antenna design must be rethought for the telemetry
application.

(b) High speed environment: While the 3GPP LTE standard was designed with certain
high speed scenarios in mind, the telemetry application will certainly stretch these to
the limit considering the planes might be flying up to twice the speed of sound. Spe-
cial consideration must be given to designing for these situations while maintaining a
reliable A2G link.

(c) Radio channel conditions: Terrestrial designs usually design for rich scattering en-
vironments which provide a lot of multipath, frequency selectivity and spatial mul-
tiplexing opportunities. On the other hand, telemetry application is likely to be in
line-of-sight (LOS) conditions and so the design has to be appropriate.

To understand the challenges posed by the telemetry application, we take a two step approach.

1. As a first step, a Monte-Carlo simulation was conducted to understand the extent of the
Doppler shift experienced by airborne UEs. This helps pose requirements on the Doppler
shift detection/compensation scheme at the UE. Any residual unmitigated Doppler shift
would manifest in the reverse link (A2G link) resulting in a performance degradation com-
pared to ideal Doppler shift mitigation. To model this performance degradation, a link sim-
ulator could be used to quantify this performance degradation as an equivalent SINR shift.
This would need to be done in many different SINR/Doppler shift conditions.

2. The SINR shift obtained by the link level simulator is proposed to be used in the system
level simulator. The system level simulator could then be used as a design/verification tool
to compare various design choices at a system level. Since Nokia has productized system
level simulators that reflect faithfully the algorithms in Nokia’s LTE eNB, these simulators
represent the best and most reliable choices of modeling and estimating the performance of
the Nokia Flexi product in the unique telemetry application.

This paper is organized as follows - first, a set of channel models that are used in both the link
level characterization study and system level simulations are described. Following the channel
model description, the Doppler shift characteristics of the telemetry application are described that
enable requirement setting for the airborne UE. Following this, a brief description of the link level
characterization of an airborne terminal and results from a first round of system level simulations
of the telemetry application are presented.

RISING TO THE CHALLENGE

A. Channel Models

The channel models used in this report are listed in Table 1. In determining these channel
models, we drew inspiration from [1, 2, 3, 4, 5, 6].
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Table 1: Channel Models

Frequency
band

Channel
Model 1

Channel Model 2
High altitude (> 3300 m)

Channel Model 3
Low altitude (≤ 3300 m)

S band
(2.0 GHz)

LoS only Ricean + 1 tap channel
{(0 dB, 0 ns, Ricean K=16),
(-16 dB, 200 ns, Rayleigh tap)}

Ricean + 2 tap channel
{(0 dB, 0 ns, Ricean K=8),
(-9 dB, 200 ns, Rayleigh tap),
(-15 dB, 600 ns, Rayleigh tap)}

C band LoS only Ricean + 1 tap channel
{(0 dB, 0 ns, Ricean K=25),
(-25 dB, 200 ns, Rayleigh tap)}

Ricean + 2 tap channel
{(0 dB, 0 ns, Ricean K=16),
(-17 dB, 200 ns, Rayleigh tap),
(-23 dB, 600 ns, Rayleigh tap)}

The K-factors assumed in Table 1 for the S-band and C-band are conservative compared to
those recorded in [3]. Understanding that a lower K-factor Ricean channel will negatively influ-
ence the performance of Doppler compensation schemes creates a tradeoff situation: high car-
rier frequency implied by the C-band causes higher absolute Doppler shift and higher operating
pathloss than S-band, while lower K-factor in S-band can adversely impact performance in S-band
compared to C-band.

B. Doppler Characterization

The Doppler shift in a communication system can be calculated using the equation

fd =
~v.~r1,ufc

c
. (1)

According to (1), the Doppler observed at the airborne terminal depends on both the speed
and the direction in which the airplane is traveling relative to the ground station. A Monte-Carlo
simulation was carried out in which airborne UEs were randomly placed at different altitudes from
150 m to 15 km. These UEs were also assigned random velocity vectors with random direction
and a speed that is uniformly distributed between 400 km/hr and 3000 km/hr. Equation (1) was
used to calculate the actual Doppler shift observed for each airborne UE. As shown in Figure 1,
the expected distribution of Doppler as a function of location and speed differs quite significantly
from Doppler calculated from just the speed. For example, in Figure 1 the Doppler experienced at
200 m altitude at 4.7 GHz (C-band) frequency is less than 3 kHz 95% of the time. Of course at
low altitudes, the maximum air speed of the airplane has been assumed to be 800 km/hr. At high
altitudes (15 km), allowing a max air speed of 3000 km/hr (MACH 2.5), the 90 %-ile Doppler is 8
kHz. In contrast, the subcarrier spacing in an LTE system is around 15 kHz.

At lower carrier frequency of 2.0 GHz (S-band), the behavior of the Doppler distribution is
similar to the C-band Doppler distribution but proportionally reduced in magnitude as indicated by
(1). These observations allows a relaxation of the Doppler correction requirements at the airborne
UE.
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Figure 1: Doppler distribution for 4.7 GHz at different altitudes (200m, 3 km, 15 km, random).

C. Antenna Pattern

An antenna pattern representative of that used for in-flight coverage of commercial aircraft was
used for this study and is shown in Figure 2. The vertical antenna pattern in Figure 2 is quite
different from regular terrestrial antenna patterns in that it is wider and therefore more suited to
covering a large swath of altitudes making it suitable for the telemetry application.

D. System Simulation Results

The system level characterization for the CRTM project utilized MoRSE. MoRSE stands for Mo-
bile Radio Simulation Environment a Nokia system level simulator that considers the interaction
of many users in many cells; works dynamically and models time-dependent effects on TTI granu-
larity; allows simulation of hexagonal or real network layouts; and is closely aligned to the Nokia
product specific algorithms and parameters. MoRSE focuses on the modeling of the air-interface,
user plane aspects (related to the transmission of user data), and layer 1 and 2 algorithms.

E. General configuration for System Level Simulations

System level simulations make a large number of assumptions regarding the layout of the cells,
the number of users simulated, the traffic pattern assumed, the channel models, etc.. These are
summarized in the Table 2.
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Table 2: Key System Simulation Assumptions

Parameter Value Description
Layout Hexagonal layout 12cells (4 sites), regular wrapped
ISD 30, 40, 50 km
LTE mode & bandwidth FDD, 15 MHz
Transmission modes 2x2 TM4 in DL

1x4 SIMO in UL (IRC receiver at eNodeB)
Operational band C band (4.7 GHz)

S band (2.0 GHz)
Output power eNodeB: 49 dBm total (40 W/antenna)

UE: 37 dBm (5 W)
Penetration loss 0 dB
Antenna height eNodeB: 33m (100 ft)

UE: variable per simulation scenario
Modulation QPSK/16QAM - UL

QPSK/16QAM/64QAM - DL
Scheduler Nokia Scheduler Channel unaware for UL & DL
Shadowing Log-normal σ = 7 dB
Fast fading Channel models from Section A.
Traffic model Full buffer or Constant bitrate (DL/UL : 2/8 Mbps)
Load (# UEs in the simulation) 12 cells, 8 UEs total, maximum 2 UE per cell
PDCCH Dynamic PCFICH (Nokia algorithm)
Power control Open Loop, P0,PUSCH = −80 dBm, α = 0.8
UL MU-MIMO disabled
PUCCH 2 PRBs
eNodeB antenna gain and pattern 13.0 dBi, pattern in Figure 2
UE antenna gain and pattern -3.0 dBi, omni pattern
Noise Figure eNodeB: 3 dB

UE: 7 dB
Doppler Compensation Ideal
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Figure 2: Representative antenna pattern used for in-flight coverage of commercial aircraft

F. Simulation Scenarios

1. Static altitude simulations - UE is assumed to be at a fixed altitude for the entire simulation,
while movement in the xy plane is permitted with speed falling in a specified range.

• C band: high altitude CFF, random speed between 450 km/hr to 3000 km/hr, altitude:
{5000, 10000, 15000, 20000m}, ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10,
15 degree}, check the UL/DL UE TP - {Total 36 cases}
• C band: low altitude CFF, random speed between 450 km/hr to 1200 km/hr, altitude:
{150m, 1500m, 3000m}, ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15
degree}, check the UL/DL UE TP - {Total 27 cases}
• C band: static channel, random speed between 450 km/hr to 3000 km/hr, altitude:
{10000m, 20000m}, ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree},
check the UL/DL UE TP - {Total 18 cases}
• S band: high altitude CFF, up to 3000 km/hr, altitude: {5000, 10000, 15000, 20000m},

ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the UL/DL
UE TP {Total 36 cases}
• S band: low altitude CFF, up to 1200 km/hr, altitude: {150m, 1500m, 3000m}, ISD:
{30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the UL/DL UE TP
{Total 27 cases}
• S band: static channel, up to 3000 km/hr, altitude: {10000m, 20000m}, {30, 40, 50

km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the UL/DL UE TP {Total 18
cases}
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2. Dynamic altitude simulations - UE in Dynamic movement (at start time, UEs can be at any
altitude in the range provided, (x, y, z) motion is allowed, no limit on how fast movement
along z-axis can be)

• C band: static channel, 450km/hr≤ speed≤ 3000 km/hr, 4000m≤ altitude≤ 20000m,
ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the UL/DL
UE TP - {Total 9 cases}
• S band, static channel, 450km/hr≤ speed≤ 3000 km/hr, 4000m≤ altitude≤ 20000m,

ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the UL/DL
UE TP - {Total 9 cases}
• C band: high altitude CFF, 450km/hr ≤ speed ≤ 3000 km/hr, 4000m ≤ altitude ≤

20000m, ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the
UL/DL UE TP - {Total 9 cases}
• C band: low altitude CFF, 450km/hr≤ speed≤ 1200 km/hr, 150m≤ altitude≤ 4000m,

ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the UL/DL
UE TP - {Total 9 cases}
• S band, high altitude CFF, 450km/hr ≤ speed ≤ 3000 km/hr, 4000m ≤ altitude ≤

20000m, ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the
UL/DL UE TP - {Total 9 cases}
• S band, low altitude CFF, 450km/hr≤ speed≤ 1200 km/hr, 150m≤ altitude≤ 4000m,

ISD: {30, 40, 50 km}, eNodeB antenna uptilt: {5, 10, 15 degree}, check the UL/DL
UE TP TP - {Total 9 cases}

The simulator is configured to operate with up to eight airborne terminals. The starting (x, y, z)
location and the velocity vector of the airborne terminal were randomly selected as per the simu-
lation case. The average session life time of an airborne terminal was set to 5 seconds and at the
end of the session, the statistics of the terminal are recorded and the terminal is resurrected at a
different (x, y, z) location with a different velocity vector. This process repeats until the simulation
ends after 1200 seconds of operation. This procedure of ’birthing’ and ’resurrecting’ the airborne
terminal multiple times allows adequate sampling of the entire three-dimensional space around the
cluster of sites.
To keep things simple, this simulation study assumed ideal Doppler compensation, i.e., the Doppler
shift could be compensated and the degradation in throughput due to either high Doppler shift or
low K-factor would not be assimilated into the system simulation results.

G. Simulation Results

In this section, a brief description of the results of system level simulations are provided. In Fig-
ure 3, the average UL (air-ground) throughput is plotted as a function of inter-site distance (ISD),
altitude, and antenna uptilt for high altitude scenarios. It is observed that there is improvement in
UL throughput with higher ISD and higher uptilt. The dependence on uptilt is quite clear because
increased uptilt provides higher antenna gain for reception of air-ground transmissions. There
appears to be less dependence on inter-site distance than on uptilt.
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Figure 3: Avg. air-ground link throughput (at C-band) for high alt. channel model 2 vs. ISD and Uptilt

A similar plot of UL throughput for low altitude flight patterns in shown in Figure 4, where it is
observed that there is a slight preference for smaller ISD and lower uptilt. This contradicts the need
for performance in the high altitude cases. Figure 5 shows a composite view of both Figure 40 and
Figure 41, where these observations are more easily made. These results imply that the optimum
value of ISD and uptilt vary as a function of altitude for the fixed antenna design assumed in the
study. Performance requirements such as desired air-ground link throughput across full range of
altitudes used at a test range such as Edwards Air Force Base, will determine alternate antenna
strategies such as broader ground station antenna patterns, vertical sectorization, or a combination
of both. Other practical considerations such as site location and backhaul availability are also
critical in determining ISD.
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CONCLUSIONS

Based on the analysis and simulation above results, the following are concluded:

• The Doppler distribution modeled in Section A. indicates that the Doppler calculated from
geometry is much lower than a pure speed based calculation over most of the aircraft speeds
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Figure 4: Avg. air-ground link throughput (at C-band) for low alt. channel model 3 vs. ISD and Uptilt

and locations anticipated on the test range. This reduces the Doppler compensation require-
ment on the airborne UE.

• From the C-band simulation results in Section G., the key observation is that the optimum
ISD and antenna uptilt are a function of the throughput desired at a certain altitude for the
existing antenna patterns.

The system simulations and analysis in this report were completed for the C-band (4.7 GHz) and
S-band (2.0 GHz) static altitude and dynamic altitude scenarios in Section F. The dynamic altitude
simulation results are omitted for the sake of brevity.
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