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ABSTRACT 

 

Initial analysis and lab experiments have provided positive confirmation of the viability of 

4G LTE Cellular Technology for Aeronautical mobile telemetry. COTS LTE equipment is 

deployed for the test range frequency bands. The high speeds of test articles (TAs) can be 

addressed with a UE add-on applique’ customized to compensate for the Doppler shifts. 

The applique has worked effectively with the LTE physical layer. To achieve spectrum 

efficiency, a multi-cell network is planned. Mobility is managed with native LTE 

handovers. To address extreme Doppler cases, additional support is provided to mobility 

management via a central entity that estimates the TA’s trajectory and issues handover 

commands. Within this framework, we present aspects of an RF planning study that 

characterizes the dependence of coverage on such design parameters as base station 

density, antenna orientation, and altitude of the user device. We also quantify the Doppler 

shifts that can result under the standard strategy of connecting the user device to the 

strongest cell, and show how, with an alternative, threshold-based strategy, one can achieve 

a substantial reduction in Doppler shifts at the expense of a loss in user rates.  

 

1. INTRODUCTION 

 

Implementation of Airborne Mobile Telemetry (AMT) using a cellular network based on 

the 3GPP LTE standard offers a number of benefits. Given the availability of inexpensive 

and reliable COTS base-station equipment and mobile devices, it should lead to a 

substantial reduction in capital and operational expenses. It would also enable the 

implementation next-generation applications and services in view of the sophistication and 

feature-richness of these devices that could potentially replace the current equipment that 

has been in place for several years. Another major benefit would be the elimination of the 

need for the complex scheduling that the current system requires [1]. While all of these 

benefits are certainly attractive to system administrators, one would not be able to realize 

them unless a couple of critical issues are successfully resolved: The first issue concerns 

the high Doppler shifts experienced by the uplink and downlink communications between 

Test Articles (TAs) and their serving base stations, while the second involves network 

planning. As described in [2], the first problem can be successfully overcome by 

introducing a Doppler estimator/compensator at the mobile transceiver. In this paper, we 

address the second problem, i.e. that of network planning for AMT. 

  



 
 

 

Note that in a telemetry system based on a cellular network, the base station antennas are 

fixed; they do not track the TAs they are communicating with. Thus, the air-space in which 

the TAs move about during various tests needs to be adequately covered by the antenna 

patterns associated with the base stations to ensure that the TAs can maintain adequately 

strong communication links throughout their flights. Since this air space is 3-dimensional, 

network planners need to consider 3-dimensional coverage to ensure adequate 

performance. This is rather different from commercial network planning where the 

planners essentially deal with 2-dimensional coverage issues. 

In the next section, we present an analysis of test-range coverage issues using idealized 

assumptions. Finally, we conclude this paper with a summary of our findings in the last 

section. 

2. AIR SPACE COVERAGE – AN IDEALIZED ANALYSIS 

We assume the air space of interest to be a prism with a square base aligned with the North-

South and East-West directions, where the sides of the base are 𝐿 km, and the height is 𝐻 

km. Radio coverage for this air space is to be provided with 𝑁2 cell sites placed on the 

square base as shown in figure 1 below. Thus, the inter-site distance (ISD) is 𝑑 = 𝐿/𝑁 km. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Layout of Cell Sites on the Square Base of the Air Space 

Each cell site is divided into four sectors, with each sector served by an antenna system. In 

LTE parlance, each sector is an LTE cell. We consider two different orientations of the 

sectors and the corresponding antennas. In Orientation 1, the azimuth directions of the 
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antenna beams of the four sectors within a cell site are: North, West, South and East. In 

Orientation 2, they point in the directions: Northeast, Northwest, Southwest and Southeast. 

The angle of elevation for all antenna beams is: 𝑡𝑎𝑛−1 (
𝐻√2

𝑑
).  Fig. 2 illustrates these 

antenna/sector orientations in the azimuth plane. 

 

 

 

 

 

 

 

 

 

Fig. 2: Illustration of Antenna/Sector Orientations 

At each cell site, the antennas and sectors can be placed according either of the two 

orientations shown in fig. 2. We consider three placement patterns: In Placement Pattern 

1, the antennas and sectors at all cell sites are placed in accordance with Orientation 1; in 

Placement Pattern 2, the antennas and sectors at all cell sites are placed in accordance with 

Orientation 2, whereas in Placement Pattern 3, antennas and sectors at alternate cell sites 

follow Orientations 1 and 2. Fig. 3 below is an illustration of Placement Pattern 3. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Illustration of Placement Pattern 3 

Orientation 1 Orientation 2 



 
 

In order to quantify coverage of the air space, we need the antenna gain pattern (beam-

shape) and the per-cell transmit power in addition to the locations of the cell sites and the 

orientation of antennas at each of them. We assume that the antenna gain, 𝑔(𝜃), is given 

by:  

𝑔(𝜃) = max (𝑔_𝑚𝑖𝑛, 𝐺 –  3.0 ∗ (
𝜃

𝜃3𝑑𝐵
)

2

) 𝑑𝐵,     (1) 

where 𝐺 is the maximum antenna gain, 𝜃3𝑑𝐵 is half of the 3-dB beamwidth of the antenna, 

𝜃 is the angle (in the 3-dimensional space) between the vector pointing from the antenna 

to the TA and the boresight vector associated with the antenna, and 𝑔_𝑚𝑖𝑛 is the floor on 

the antenna gain that represents the gain associated with leakage outside of the desired 

beam of the antenna. In all of the simulations, the maximum antenna gain 𝐺 is assumed to 

be 9 dB while the parameter 𝑔_𝑚𝑖𝑛 is -20 dB. The 3-dB beamwidth (= 2𝜃3𝑑𝐵) is 90o. The 

receiver antenna at the TA is assumed to be omni-directional with a 0 dB gain. 

Since there is little multipath phenomenon in the wireless channel between the base stations 

on the ground and airborne TAs, we assume the path-loss characteristics to be based on the 

inverse-square law. Specifically, the relationship between the base station transmit power 

from a cell and the received power at the TA is given by: 

𝑝𝑅 =  𝑝𝑇 +  𝑔(𝜃) − 92.45 − 20 𝑙𝑜𝑔10(𝑓𝐺𝐻𝑧) −  20 𝑙𝑜𝑔10(𝑑𝑇𝐴) − 𝐿,  (2) 

where 𝑝𝑇 and 𝑝𝑅 respectively denote the transmit and received powers (both expressed in 

dBm), 𝑔(𝜃) is the antenna gain of the base station transmit antenna as defined in (1), 𝑓𝐺𝐻𝑧 

is the carrier frequency in GHz, and 𝑑𝑇𝐴 is the distance between the base station and the 

TA in km. In all of the simulations the transmit power (𝑝𝑇) at each cell was 5 watts (37 

dBm). The additional losses, 𝐿, are assumed to be 4.5 dB, while the carrier frequency, 𝑓𝐺𝐻𝑧, 

is assumed to be 4.41 GHz. The channel bandwidth, which determines the noise power, is 

assumed to be 20 MHz. 

Coverage Simulations:  

We assume the air space dimensions to be 200 km x 200 km x 15 km. That is, 𝐿, the length 

and the width of the square base, is 200 km; and 𝐻, the maximum altitude for a TA is 15 

km. Within this air space, we quantify the coverage and Doppler performance at four 

different altitudes: 1 km, 5 km, 10 km and 15 km. At each altitude, we characterize 

performance using a Monte Carlo method. Thus, keeping the altitude ℎ fixed at one of 

these levels, we “drop” the TA randomly within the 200 km x 200 km slice of the air space 

at a height of ℎ km from the ground. The TA is assumed to be flying in the horizontal 

plane, with its heading selected randomly between 0 and 360 degrees. The speed of the TA 

is 𝑣, which is a simulation parameter. Further, we assume that besides the cell serving the 

TA, there are 𝑀 active cells causing interference to the TA. This is equivalent to assuming 

that there are 𝑀 other TAs within the air space, each of which is being served by a cell 

other than the one serving the desired TA. Thus, the signal power for the desired TA comes 

from its serving cell while the interference comes from the 𝑀  interfering cells. 

Consequently, the SINR for the desired TA is given by: 



 
 

𝑆𝐼𝑁𝑅 =
𝑝0

(∑ 𝑝𝑚
𝑀
𝑚=1 + 𝑁0)

,        (3) 

where 𝑝0 denotes the TA’s received power from the serving cell, for  𝑚 = 1,2, … , 𝑀, 𝑝𝑚 

denotes the interference power the TA receives from the 𝑚𝑡ℎ  interfering cell, and  𝑁0 

denotes the thermal noise power. Note that all powers in (3) are expressed in the linear, not 

dB, domain. 

For a signal received from cell 𝑚, the Doppler shift experienced by the TA is given by: 

𝑓𝐷 = (𝑓𝑐𝑣/𝑐)cos (𝜃𝑚),        (4) 

where 𝑓𝑐 is the carrier frequency associated with the transmitted signal, 𝑐 is the speed of 

light, and 𝜃𝑚 is the angle (in the 3-dimensional space) between the direction in which the 

TA is flying and the pointing vector from the TA to cell 𝑚. For each of the four altitude 

levels we repeat this experiment 𝐾 times, to generate 𝐾 i.i.d. samples. The metric we use 

to assess the coverage impact of different parameters is the user rate. That is, the bit rate a 

user can receive under idealized conditions given its SINR. We use the Shannon formula 

to estimate the user rate 𝑅: 

𝑅 = 𝑊 𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅),        (5) 

where the SINR is expressed in linear (not dB) units. In all of the simulations, the channel 

bandwidth 𝑊 was 20 MHz, and the TA speed 𝑣 was assumed to be 331 meters per second 

(close to the speed of sound at ground level). 

We use this method to study the impact of different parameters on the radio coverage of 

the air space. Specifically, we characterize the impact of base station density (expressed in 

terms of the parameter 𝑁), base station placement pattern, and TA altitude. For coverage 

performance, we assume that the mobile device at the TA is connected to the cell 

corresponding to the highest received signal power.  

 

 

Figure 4: Impact of Base Station Placement Pattern on Coverage Performance 



 
 

Figure 4 shows the impact of the base station placement pattern on the coverage 

performance of the air space. Specifically, it shows user rate distributions for the three base 

station placement patterns at TA altitudes of 1 km and 5 km. Two values of the parameter 

𝑁 were used to derive these performance curves. Specifically, 𝑁 was set at 5 and 10, so 

that, respectively, there were 100 and 400 cells providing radio coverage to the air space. 

𝑀, the number of interferers, was fixed at 10 throughout. 

As one can see in Figure 4, at both values of the base station density parameter 𝑁 that were 

considered (i.e. 5 and 10), there is little difference in the coverage performance of the three 

base station placement patterns. In the rest of the study, we only consider Placement Pattern 

3 as shown in Figure 3. (In all of the figures, the term “Orientation” used in the legend 

refers to the base station placement pattern.) 

Figure 5 shows the impact of altitude on the user rate distribution. Here, two values of the 

base station density parameter 𝑁 were tried (5 and 10) while Placement Pattern 3 was used 

throughout. Four TA altitudes were considered: 1 km, 5 km, 10 km, and 15 km. 

 

Figure 5: Impact of TA Altitude on User Rate Distributions 

Figure 5 presents the relationship between user rates (or SINR) and the TA altitude: At 

both of the values of the base station density parameter 𝑁 that were tried (i.e. 5 and 10), 

the relationship between user rates (or SINR) and the TA altitude is monotonic, with higher 

rates being generally available at lower altitudes. The main reason for this behavior seems 

to be that with the base stations placed at the ground level, distance losses are typically 

lower at low altitudes. Another interesting observation is that the user rate CDFs for 

different altitudes at 𝑁=5 are close to one another, especially when compared to those at 



 
 

𝑁=10. The reason for this behavior is that at 𝑁=5, which represents a relatively sparse base 

station density, the distances in the horizontal plane are large so that change in the altitude 

contributes relatively little to the overall distance between the TA and the base station.  

Another way to characterize coverage performance is via “heat-maps,” which show the 

user rate that can be achieved at each point on a 2-dimensional slice of the air space at a 

given altitude. In the calculation of the user rate based on eq. (5), it is assumed that no 

interferers are present so that the SINR essentially equals SNR, the signal-to-noise ratio. 

Figures 6a and 6b respectively show the heat-maps at altitudes 1 km and 10 km. The base-

station density parameter 𝑁 in both cases was 10. Note also the slight difference in the 

noise level at the two altitudes, which is due to the variation in temperature with altitude. 

 

     Figure 6a. Heat-Map at Altitude 1 km      Figure 6b. Heat-Map at Altitude 10 km 

The heat-maps at 1 km and 10 km altitudes show that there are no significant coverage 

holes at either of these two altitudes (for 𝑁 = 10). The variation in the user rate is between 

65 and 125 Mbps at altitude 1 km while it varies between 61 Mbps and 80 Mbps at 10 km. 

This is consistent with figure 5. An interesting fact about the heat-maps is that the variation 

in user rate at 10 km altitude is distinctly less than that at 1 km. This can be attributed to 

the fact that at high altitudes the antenna beams typically get larger, merging into 

neighboring beams, thus lowering the variation in the strength of the received power. In 

contrast, at lower altitudes, the beams are more sharply defined, leading to greater variation 

in the received signal strength. However, at both altitudes, the radio coverage seems 

adequate. 

Next, we focus our attention on the impact of base station density on the radio coverage of 

the air space. Figure 7 shows how the user rate CDFs vary with the base station density 

parameter 𝑁. In the simulation runs on which these CDFs are based, two values of the TA 

altitude were used: 1 km and 5 km. The base station density parameter 𝑁 took three values: 

5, 10 and 20. 

It is clear from Figure 7 that increasing the base station density typically leads to improved 

coverage, i.e. higher user rates. The optimal base station density will typically be 



 
 

determined by a compromise between coverage needs (expressed in terms of lower 

percentiles of user rates) and the economic cost of deploying additional base stations and 

the associated infrastructure. 

 

Figure 7: Impact of Base Station Density on Coverage Performance 

The coverage analysis presented so far focused on user rate distributions under the 

assumption that the user device is connected to the strongest base station. What has been 

ignored in this analysis is the Doppler shift experienced by the receiver, which is also 

critical to overall system performance. We focus our attention on the issue of Doppler shift, 

and how one may lower it by implementing a different connection strategy. 

Figures 8a and 8b respectively display the user rate distributions and Doppler shift 

distributions for the default strategy where the user device is connected to the strongest 

base station, and the alternate strategy where it connects to the base station with the lowest 

Doppler among all those with SINR of at least 𝜃 dB. If none of the base stations yields an 

SINR of 𝜃 or more, the user device connects to the strongest base station. In all of these 

simulations, the base station density parameter 𝑁 was 10, and the altitude was 5 km. 

The performance of the alternate strategy obviously depends on the threshold 𝜃 . 

Consequently, we carried out simulations of this strategy with different values of 𝜃. In 

figures 8a and 8b, the CDFs associated with the default strategy are referred to as “Max 

SINR” curves whereas those associated with the alternate strategy are referred to as “SINR 

> 𝜃” curves. 



 
 

 

Figure 8a. User Rate Distributions for the Default and Alternate Strategies 

  

Figure 8b. Doppler Shifts for the Default and Alternate Strategies 

 

Figures 8a and 8b present an interesting picture. In particular, they show how one may 

trade off Doppler for user rate to achieve a desired operating point by appropriately setting 

the value of the threshold parameter 𝜃. At high values of 𝜃, the performance of the alternate 

strategy approaches that of the default strategy. This is because the alternate strategy selects 

a base station differently from the default strategy only if more than one station is stronger 

than the threshold value. With a high value of 𝜃, such events become rare. As one lowers 

the value of 𝜃, the likelihood of multiple base stations simultaneously being above the 

threshold increases, thus increasing the probability that the alternate strategy will select a 

base station other than the strongest (because it offers a lower Doppler). As a consequence, 

the performance of the alternate strategy deviates from that of the default strategy. 

Specifically, one can see a significant lowering of the Doppler, which comes at the expense 

of a loss in user rates. For example, if we compare the default strategy with the alternate 

strategy at 𝜃 = 5 dB, we can see that the latter lowers the median Doppler from 5 kHz to 

1.1 kHz for a loss in user rate from 75 Mbps to 42 Mbps. Overall, figures 8a and 8b show 



 
 

how, by varying the value of the threshold 𝜃, we can achieve different levels of tradeoff 

between the Doppler shift and user rate. Where this threshold is to be set should be 

determined by the ability of the TA and base station receivers to cope with the resulting 

Doppler. 

3. SUMMARY 

 

RF planning analysis was conducted for the coverage of a three-dimensional air space with 

base stations on the ground delivering sufficient data rates to airborne test articles. The 

analysis brought out the dependency of coverage on base station separation rather than 

antenna orientation as a more determining factor in achieving higher data rates. It was also 

shown that the achievable user rates improve with increasing base station density. Finally, 

an analysis of the Doppler shifts affecting airborne user devices showed that the normal 

strategy of connecting user devices to strongest base stations can result in unacceptably 

high Doppler shifts. An alternative threshold-based strategy was shown to lower the 

Doppler shift at the expense of a commensurate loss in user rates. The value of the threshold 

used in this strategy can be varied to obtain the desired tradeoff between the Doppler shift 

and the user rate. 
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