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Figure	1	Test	Range	Telemetry	transition	to	a	
cellular	frequency	reuse	model 
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Abstract: A novel approach employing 4G LTE Cellular Technology for Test Range Telemetry 
is presented. Providing aeronautical mobile telemetry using commercial off the shelf (COTS) 
cellular equipment poses many challenges, including: Three-dimensional (3D) coverage, need 
for uninterrupted high data throughputs, and very high Doppler speeds of the Test Articles (TA). 
Each of these requirements is difficult to meet with a standard cellular approach. We present a 
novel architecture that provides 3D coverage over the span of a test range, allowing the TA to 
establish a radio link with base stations that have a manageable Doppler due to the reduced 
projected TA speed on the radio link line. Preliminary results illustrate that a variety of flight 
plans can be accommodated with commercial LTE technology by employing LTE’s mobility 
mechanisms and adding centralized control. The resulting network architecture and Radio 
Access Network topology allow very high throughputs to be delivered throughout the test range 
with a judicious placement of base stations.  
 
Keywords: Test, Range, Telemetry, Aeronautical, Mobile, Cellular, LTE, 4G, Handover, 
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I. Introduction 
 
Currently, Aeronautical Mobile Telemetry (AMT) for test ranges is handled by point-to-point 
radio links with a wide beamwidth antenna on the Test Article (TA) paired with a high gain 
parabolic ground station antenna pointing to and tracking the TA. The spectrum used by the 
radio link is dedicated to that link for the duration of the test. Potential re-use of the same 
spectrum by another radio link at the same time anywhere 
in the test range requires coordination for maintaining 
orthogonality with the other radio link in the three 
dimensional (3D) space to control the potential 
interference. As a result, the spectrum efficiency of 
current telemetry practice is low and it requires intense 
human intervention for programming, scheduling and 
coordinating the tests. Moreover, test range telemetry is 
becoming increasingly complex with multiple radio links 
to serve each TA’s telemetry needs, with test sorties of 
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multiple coordinating TAs, and with multiple simultaneous tests occurring in the range. The 
overall complexity increase translates to difficulties in maintaining high spectrum efficiency, 
scheduling flexibility of the tests and logistical costs of the tests’ execution.  
A paradigm shift is attempted in this work to demonstrate that test range telemetry can utilize 
cellular communications concepts. The cellular approach is based on the localized use of the 
spectrum allowing reuse of the same block of spectrum in multiple and adjacent areas, as shown 
in Figure	1. Cellular providers have deployed extremely large numbers of fourth generation (4G) 
systems based on the 3GPP Long Term Evolution (LTE) standard. A cellular approach using 
LTE equipment for AMT applications allows leveraging of this low-cost, widely deployed 
COTS technology. 

II. 4G LTE: A Candidate for Test Range Telemetry 
 
The LTE standard was developed by the 3rd Generation Partnership Project (3GPP) a worldwide 
wireless mobile specifications body, with its first release (Rel-8) in 2008. 3GPP is the body that 
also developed the CDMA-based 3G UMTS and HSPA specifications, which were adopted 
widely by the regional Standards Development Organizations (SDOs). LTE has been built on the 
experience gained by the 3G on packet-switched optimized air-interface for multi-user 
environments. LTE enhanced 3G sophistication with support for numerous multiple antenna 
transmission modes, more optimized control channels, improved reverse link, support for diverse 
bearer QoS with a very wideband signal structure that is based on Orthogonal Frequency 
Division Multiplexing (OFDM).  OFDM provides very flexible scalability in the frequency 
domain and enables a relatively simplified receiver structure that can handle channels with large 
amounts of multipath. 
The LTE air-interface has been designed to accommodate up to 350 km/hr speeds, with some 
modes supporting up to 500 km/hr in anticipation of its use in high-speed train applications. LTE 
has been demonstrated to support air-to-ground links with aircraft speeds at 700 km/hr in field 
tests as well as in laboratory test environments, [1], [2], [3]. LTE’s robustness is due to a narrow, 
15 kHz wide, OFDM subcarrier structure populated densely with pilot subcarriers that make it 
robust to frequency selective, and very fast, fading. 
LTE also expands on the already sophisticated mobility management of the 3G core network 
with a more streamlined network architecture and efficient signaling schemes. LTE supports 
mobility through two handover mechanisms, handover over the X2 interface, which relies on a 
direct exchange of messages between base stations (eNodeBs, or eNBs for short), or over the S1 
interface, which relies on the base stations communicating through the Mobility Management 
Entity (MME). In both cases, the handovers are executed quickly, typically taking less than 
200msec (100msec) if executed via the S1 (X2) interface. Any possible interruption of the air-
interface link does not incur a loss of data as unacknowledged data are stored at the source eNB, 
and then forwarded to the target eNB for retransmission when the handover is complete. 
LTE is currently the dominant global cellular technology marked by the widest and most rapid 
global adoption compared to any other cellular technology, e.g. WiMax, UMTS/HSPA, 1xEV-
DO, or cdma2000. LTE is a living standard that is evolving through periodic releases 
(enhancements of the standard) by the 3GPP, with a continuous addition of functionality and 
features. The ecosystem of vendors is of a global scale, and is rapidly expanding. As a result, it 
offers economies of scale in cost, and wide availability of software, hardware and associated 
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tools. Adopting LTE for range telemetry provides a transition path to constantly improving 
hardware and software releases and also an interoperable path into the 5G standards that are 
currently being defined.  

III. Challenges of LTE for Range Telemetry 
 
Although LTE is the best candidate for AMT amongst the available commercial cellular 
technologies, its application to test range telemetry is a challenging task that places LTE outside 
its normal envelope of operational environments. Specifically, two key challenges are present in 
AMT environments: Extreme Doppler shift and very high mobility. 
Extreme Doppler Shift: LTE is designed to handle speeds up to 350 km/hr (189 Knots Ground 
Speed), or even up to 500 km/hr (270 KGS) under some channel conditions. The LTE speed 
limitation arises from the need to obtain accurate channel estimates for each symbol in a resource 
block (RB) in the time or frequency domain. In multipath environments with high user mobility, 
the RF channel frequency selectivity in combination with the rapid time variability between 
symbols makes channel estimation unreliable beyond some speeds. In terrestrial applications, the 
radio link experiences a rich multipath 
environment characterized by a large Doppler 
spread. The resulting smearing of the 15 kHz 
LTE subcarriers destroys the orthogonality 
between adjacent OFDM sub-carriers and 
introduces severe Inter-Symbol Interference 
(ISI). A metric of ISI is the ratio of max 
Doppler shift to the subcarrier spacing (fd /Δ
f) and is shown for the telemetry bands in 
Table	1.   
For the reasons stated above, if AMT radio 
channels were characterized by a rich 
multipath environment, it would be impossible for LTE to operate at the AMT speeds. However, 
in the AMT environment there is typically one dominant, line-of-sight, path between a TA and 
the ground station, and, possibly, much weaker multipaths typically caused by reflections from 
nearby mountain ranges. Thus the AMT channel experiences a significant Doppler Shift (DS) 
and possibly a weak Doppler spread. This is somewhat analogous to the case marked by a carrier 
frequency offset. Thus, even though the TAs are expected to operate at maximum speeds of 
thousand(s) of km/hr, this represents a relatively benign channel. 
In LTE receiver implementations, the DS is compensated by first locking onto the Primary 
Synchronization Sequence (PSS) broadcasted by the eNB. PSS can be acquired before any Fast 
Fourier Transform (FFT) operation and at a very broad range of Doppler shifts. PSS lock 
provides the first, coarse, DS estimate that the receiver compensates for. Note that the receiver 
cannot differentiate between its own local oscillator (LO) ambiguity and the frequency offset 
associated with the received signal. Therefore, the receiver only locks on to what it estimates to 
be aggregate carrier frequency (inclusive of the DS) associated with the received signal. The 
receiver also performs additional, finer, frequency compensation offsets (FCO) to lock on to the 
aggregate carrier frequency. In an LOS channel such as most of those associated with the AMT 
environment, a receiver that can freely lock on to an arbitrary DS should not be impacted by the 

Frequency Band  Max Doppler Shift fd at 

830 km/h (450 KGS) 

fd /Δf (%) 

Δf = 15Khz 

L Band  
1435 – 1525MHz 

1.16 kHz 7.74% 

S-Band  
2200 - 2400MHz 

1.84 kHz 12.5% 

C-Band  
4400 – 4940 MHz   

3.8 kHz 25.31% 

C-band  
5090 – 5150 MHz  

3.96 kHz 26.39% 

Table	1	Doppler	Shift	relation	to	subcarrier	spacing	and	
carrier	frequency	
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TA’s speed. In reality, however, commercial LTE handsets or eNB receivers have 
preprogrammed limits on the search window for possible DS estimation so they can optimize the 
fixed-point arithmetic of those operations. Determination of those limits on commercial products 
can be made through a receiver implementation design review or by testing the capability of 
devices to lock on to arbitrary DSs under lab conditions.  
A second way to mitigate the extreme Doppler shifts in AMT is as follows: With cellular 
telemetry an opportunity exists to reduce the Doppler shift in the operational radio link by 
forcing the TA to connect only to that base station for which the projection of the velocity vector 
on the radio link line is small. This flexibility will be utilized in our solution.  
 
Extreme Mobility: An AMT system that is based on a cellular architecture will have to make use 
of handovers to maintain seamless data connectivity with the ground as the TA traverses the test 
range. In LTE, connectivity during mobility is achieved by a standardized handover (HO) 
process, which is a break-before-make mechanism [4]: The UE reports to the connected (source) 
base station (eNB) the quality of potential radio links with the other candidate eNBs. The source 
eNB makes a decision as to which candidate eNB the TA should be handed over to. The TA 
disconnects from the source and attempts a random access procedure with the selected candidate 
eNB, now referred to as the target eNB. The number of signaling steps between the TA and the 
target and source eNBs are shown in Figure	 2. In typical cellular applications with mobility 
speeds below 120 km/hr, a handover can be 
executed in a few hundreds of msec 
(200msec for S1 and less than 100msec for 
X2, typically), and in commercial systems it 
depends on the load of the nodes involved in 
the process. The MME or eNB nodes can be 
over-loaded as they have to maintain states 
or buffers and handle signaling and data 
traffic for a large number of users that are 
currently connected to or are trying to enter 
the network.  
In the AMT environment and at the high 
velocities to be encountered, the successful 
execution of all the handover steps will be 
more challening when the velocities are 
high. Instructing the TA to connect with 
selected eNBs at lower apparent Doppler 
speeds will also aid the successful completion of handovers.  
High Data Throughput Needs: The AMT data throughput needs are relatively high. A typical 
requirement may be 20Mbps in the TA to ground direction, and 2Mbps in the opposite, ground to 
TA, direction. The LTE standard allows in its basic formats 150Mbps peak data rate (with 
64QAM or 16QAM and 2x2 MIMO) in the ground to TA direction (downlink in LTE 
terminology). It also allows 75Mbps (with 16QAM and single stream) in the TA to ground 
(uplink in LTE terminology) direction. Due to the benign nature of the AMT radio link 
characterized by almost free-space propagation, the link budget has sufficient room to yield high 
SNR operating points so that high-order modulation and coding schemes can be used. Therefore, 

Figure	2	X2	Handover	Call	Flow	for	LTE	per	3GPP	standards	
specifications 
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the targeted data rates will be feasible with non-directional antennas (70-90 degree beamwidth in 
azimuth and elevation) in both directions.  
 

IV. Proposed Cellular Architecture 
 
In order to meet the two key requirements of extreme Doppler shifts and extreme mobility, we 
propose the following architecture with the name CeRTN (Cellular Range Telemetry Network) 
that is supported by a relatively dense deployment of base-stations so that most of the points on 
the likely flight paths of the TAs are within the coverage areas of multiple base-stations; 
moreover, the lines of sight to these base-stations are nearly orthogonal. The CeRTN system 
architecture contains an Integrated Cellular Network Controller (ICNC) to coordinate operation 
and handovers within the cellular network to minimize Doppler shift and optimize handoffs.  
As shown in Figure	 3 the eNBs in CeRTN are interconnected with X2 interfaces (when 
available). Moreover, each eNB is connected to the MME through an S1 interface on the control 
plane and to the Serving GateWay (SGW) with a S1-U interface on the user plane. The group of 
eNBs comprises the LTE Radio Access Network (RAN), while the rest of the functional 
elements other than the Network Orchestration and Management System (NOMS) and ICNC 
comprise the LTE Evolved Packet 
Core (EPC). The LTE RAN and the 
LTE EPC together are referred to as 
the LTE network. 
It should be highlighted that the 
interfaces are IP based and are 
logical. That is, no direct eNB-eNB 
physical connection is required. The 
control plane’s physical connection 
links can be routed through the 
MME, if the MME is located at a 
central location. The X2 interface 
implies that packets originating in one eNB terminate at another eNB without the MME 
processing these packets. The Evolved Packet Core provides data to external elements, like the 
existing range telemetry system, through the SGi interface. The entire LTE network is managed 
through the NOMS. Each vendor’s implementation of the NOMS is different, since it is not a 
standardized element. However, the functionality remains the same; that is, all NOMS provide 
facilities to manage parameters and settings on all of the LTE network elements, and to obtain 
key performance indicators (KPIs).  
The key element of the proposed CeRTN system is the Integrated Cellular and Network 
Controller, (ICNC).  The ICNC interacts with the elements of the LTE network to actively force 
handovers to desired eNBs, the mechanism to do so is through the NOMS. Parameters of the 
LTE network can be modified in real-time through the interface to the NOMS. Physically, the 
EPC, the NOMS, and the ICNC can be collocated on the same server, with each element existing 
within its own Virtual Machine. 

Figure	3	CeRTN	Network	Architecture	showing	EPC,	NOMS,	ICNC	and	
interface	to	external	networks	
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Handover Control Scheme 
The CeRTN system exercises handover control to enable the TA to connect to the base-station 
(eNB) that provides a communication link that not only has a high SINR, but also a manageable 
Doppler shift. Note that since the TAs making use of CeRTN are airborne, the LTE network 
must be designed to provide good coverage at all the altitudes at which the TAs are likely to fly 
within the test area. Thus, the coverage map of the test area will have to be 3-dimensional as 
shown in Figure	4 by way of an illustration.	The message and control flow within the system as 
a TA takes off and follows its flight path is outlined as follows: 
 At some point during or after take-off, a TA establishes a connection with the LTE network 
using standard LTE procedures. For example, it establishes connection with the base-station with 
the strongest received signal strength (RSSI). The base-station connected to the TA is referred to 
as its serving base-station. The TA also receives a list of neighboring base-stations from the 
serving base-station. The TA periodically measures the RSSI associated with each of the base-
stations in the neighbor list and reports them to the serving base-station. The reporting period 
may be set at a suitable level to accommodate the TA speed. The RSSI measurements are 
received by the serving base-station and forwarded to ICNC via the NOMS. 

Location Estimation 
ICNC uses the RSSI 
measurements reported by the 
TA to estimate its location. 
Additionally, ICNC may use 
(in addition to the RSSI) the 
timing advance reported by the 
TA to estimate its location. To 
that end, it uses a triangulation 
method in conjunction with a 
suitable path-loss model to 
estimate the TA’s location. For 
most of the locations on a TA’s 
flight-path that are at fairly 
high altitudes, a free-space 
path-loss model is accurate. 
Alternatively, other suitable 
models such as the Gierhart-
Johnson propagation model 
may be used for these 
locations. Since a 3-D location estimate is sought, RSSI measurements associated with a 
minimum of four base-stations are required.  

Location Prediction 
Once an estimate of the TA’s current location is calculated, ICNC proceeds to predict the TA’s 
location at a suitable point in time in the future using a suite of tools under the Flight Path 
Prediction Algorithm (FPPA) module, as shown in Figure	7. For example, if the current time is t 
seconds, ICNC predicts the TA’s location at t+τ seconds, where τ is a suitable prediction 
horizon. Different methods can be used for location prediction. For example, one practical type 
of location prediction algorithm is based on “spline” functions.  Due to kinematic constraints, the 

Figure	4		An	Illustration	of	a	3-D	Cellular	Topology	to	provide	coverage	in	the	test	
range	



	

	 7	

path between discrete samples of a flight-path is generally not a straight line. A common way to 
model the flight trajectory is a 3rd order spline function, which is a parameterized, piece-wise 
cubic function of time. Since ICNC does not have access to actual points on the flight-path, it 
uses the predicted TA locations in their place. Thus, given the most recent location estimates, say 
the current one as well as the past three estimates, ICNC can fit a 3rd order spline function to 
model the trajectory followed by the TA over the most recent segment of its flight-path, and 
assuming that its speed does not change significantly over the prediction horizon, it uses a 
continuation of the spline function to predict the locations the TA is likely to pass through in the 
immediate future. 
While spline functions provide one way to model segments of the trajectory followed by a TA, 
they are, by no means, the only way to model the flight-paths. For instance, since the turning 
maneuvers of TAs usually follow a circular path, one can use a circular path prediction method 
to model segments of flight paths. In this method, ICNC selects the most recent location 
estimates for a TA and fits a circle to these points to model the path followed by the TA. In order 
to predict the TA’s location at time t+τ, it uses a continuation of this circle with the additional 
assumption that the speed of the TA does not change much from its current value. 
 

 
Figure	5	Illustration	time	series	of	Ground-to-TA	SINR	from	each	of	11	eNBs	and	the	corresponding	apparent	doppler	speed	
of	 each	 radio	 link.	 TA	near	 parabolic	 trajectory	 is	 at	 700mph	 constant	 speed	 starting	 and	 ending	 at	 12Km	elevation	 and	
performing	a	fly-by	at	50m	above	control	tower.	

Determining the Best Base-Station to Handover to 
After the previous step, ICNC has an estimate not only of the location of the TA at time t+τ, but 
also its velocity vector. Using this velocity estimate, ICNC computes the Doppler shift that 
signals from the TA are likely to experience at each of the base-stations in the neighbor list. The 
Doppler shift for a base-station is computed by simply projecting the predicted velocity along the 
position vector between that base-station and the TA’s predicted location. Also, given the TA’s 
predicted location at time t+τ and the coverage maps of each of the base-stations on the neighbor 
list, ICNC can compute an estimate of the SINR associated with each of those base-stations. 
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Thus, at this stage, ICNC has, for each base-station on the neighbor list, an estimate of the SINR 
and the Doppler shift the TA is likely to experience if it is handed over to that base-station. 
Using the same method, ICNC can also compute 
estimates of these quantities if it remains connected 
to its current serving base-station. Among all these 
base-stations, ICNC selects the best base-station for 
the TA by considering the SINR associated with the 
radio link to each candidate base-station as well as 
the corresponding Doppler shift. The idea is to 
select, for handover, that base-station that not only 
has a decent SINR but also a manageable Doppler. 
Thus, a base-station with, say, a 10 dB SINR and a 
50 Hz Doppler may be preferred over another base-
station that has, say, a 25 dB SINR, but 2 kHz 
Doppler. If the selected base-station is the same as 
the TA’s current serving base-station, no handover 
is needed. This means that ICNC does not have to 
do anything at this stage. On the other hand, if the 
selected base-station is different from the TA’s serving base-station, a handover needs to be 
effected. Contrast the logic of this scheme with that used in typical commercial LTE networks 
where the choice of the base-station is based entirely on the SINR or received signal strength, 
irrespective of the Doppler shift.  
The operation of this scheme is illustrated in Figure	 5 using results from a simulation of a 
CeRTN network example shown in Figure	4. In this example,  the TA follows a flight plan with 
a near parabolic trajectory and a constant speed of 608KGS. The TA initiates and terminates the 
flight segment at 12,000meters elevation, and during this segment it performs a fly-by at the 
origin at an elevation of 50meters. The radio link 
SINR and effective dopplers of the TA with 11 
eNBs, each with wide beamwidth antennas pointing 
upwards or above the horizon, are recorded in a 
time-series as shown in Figure	5. A dashed line on 
each plot shows the resulting SINR and velocity (in 
m/sec) of the Hybrid scheme.  Moreover, 
histograms of the Doppler shifts for the two 
handover schemes, Hybrid and Max-SINR, are 
compared in Figure	 6, where it is evident that the 
hybrid scheme manages to reduce the Doppler to 
half of that in the Max-SINR scheme. It should be 
noted that in commercial LTE networks, HO 
mechanisms work similarly to the Max-SINR 
case.  

Effecting Handovers 
In those LTE hardware systems where blind handover commands (to handover a specific UE to a 
specific base-station independent of any measurement reports) can be sent to base-stations from 
the NOMS, ICNC can simply send a directive to the NOMS to issue the desired blind handover 
command. In those cases where the interface between the NOMS and the base-stations does not 

Loca%on	
Determina%on	

FPPA	

Propaga%on	&	
Coverage	

Cell	Doppler	
Predic%on	

ICNC	

Network	Orchestra%on	
&		Management	

Opera%onal	Stage	

LTE	EPC	

Figure	6	Histogram	of	reduced	effective	speeds	of	the	
hybrid	scheme	vs	those	incurred	by	maximum	SINR	
eNB	selection 

Figure	7	Operational	view	of	the	CERTN	system.	
Information	collected	from	the	TAs	triggers	changes	to	
the	network	through	the	NOMS,	EPC	and	ICNC	nodes. 
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allow such commands, ICNC sends directives to the NOMS to change handover parameters such 
as thresholds, biases and hysteresis values. Specifically, ICNC changes these parameters in such 
a manner that the desired handover will happen naturally through the normal measurement 
reporting process. Conflicting handover requirements in the case of multiple TAs being on their 
respective flight-paths at the same time can be handled by assigning the TAs to different classes 
and crafting the handover parameters for each class to effect the desired handovers. 

V. Conclusions 
 
A novel approach for AMT employing cellular-based range telemetry has been introduced. It 
addresses coverage needs in the three dimensions, something that is typically far from what 
commercial cellular networks are designed for. The proposed scheme dynamically modifies 
network controls to tailor its behavior to the extreme Doppler and mobility needs of the AMT 
environments. The solution is based on near real-time information obtained from the network 
measurements and is immediately reflected in proactive actions involving TA handovers. 
Preliminary results indicate the scheme to be very effective in controlling Doppler shifts while 
maintaining reasonable radio link quality. A complete CeRTN system is currently being 
developed and evaluated in our lab and will be tested with outdoor airborne links over the course 
of this program.  
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