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ABSTRACT 
 
Abstract: Flight test results on an Aeronautical Mobile Telemetry (AMT) system employing 4G 
Long Term Evolution (LTE) Cellular Technology are presented. The AMT system comprises a 
ground network of Commercial Off-The-Shelf (COTS) cellular base stations. Very high Doppler 
shifts due to the high speed of the Test Article (TA) are handled by an appliqué front-end to a 
COTS mobile transceiver. Doppler compensation allows seamless operation of LTE as the TA 
traverses the coverage area. An uninterrupted radio link as well as high bi-directional data rates 
were achieved even at a distance of 60 Km between the base stations and the TA. The results 
clearly demonstrate that the system can sustain an uninterrupted LTE connection at Doppler shifts 
that are much higher than what typical commercial LTE systems can support. The 4G system 
featured in this exercise has a direct extension to 5G technologies. 
 

1. INTRODUCTION 
 
We present a successful prototype implementation of Aeronautical Mobile Telemetry (AMT) 
employing a 3GPP 4G-LTE-based wireless communication infrastructure. The key challenge we 
address in this implementation involves handling the very high Doppler shifts that are prevalent in 
typical AMT scenarios. Commercial LTE equipment, especially the base station receivers, is 
typically designed to handle Doppler shifts that are only a small fraction of the subcarrier spacing 
of 15KHz – these values represent Doppler shifts encountered by moving cars and high speed 
trains that usually travel at speeds below 250Km/hr.  (LTE base stations are also referred to as 
eNodeBs or eNBs.) In contrast, in AMT use cases, Doppler shifts can easily reach several kHz, 
especially at higher carrier frequencies.  In such circumstances, the eNB receivers cannot decode 
the uplink signals they receive over the air interface unless the frequency deviation from the 
nominal center frequency is somehow brought within their acceptable Doppler range. 
Our solution to the problem of high Doppler shifts includes a Doppler Estimation and 
Compensation (DEC) appliqué (see [1], [2]) that is inserted between the antennas and the 
corresponding transmit/receive ports of the LTE terminal located at the TA. The appliqué estimates 
the Doppler shift by processing uplink (UL) signals transmitted by the LTE terminal and 
proactively compensates for it on the signals it passes to the antennas from where they are 
transmitted towards the eNB. As a result, when these signals arrive at the eNB receiver, their center 
frequency is close to the UL frequency reference where the eNB expects to receive them. The 



appliqué has its own stable and accurate frequency reference, and has been designed to work with 
COTS LTE terminals. This arrangement ensures that the COTS LTE terminal located at the TA 
end of the link needs little to no alteration. 
The rest of this paper is organized as follows: In Section 2, we present the problem of high Doppler 
shifts in AMT, and describe our appliqué-based solution to this problem. In Section 3, we describe 
the field test setup that was implemented to test the appliqué-based solution in multiple operating 
conditions. The results of the flight test and their analysis are presented in Section 4, followed by 
a summary of our conclusions. 
 

2. THE DOPPLER COMPENSATION APPROACH  
	
Figure	1 schematically depicts the Doppler problem in AMT.		

		

	
Figure	1:	Schematic	of	the	Doppler	Problem	with	a	Commercial	LTE	Device	

As shown in Figure	1, the base station (eNB) transmitter transmits the downlink (LTE DL) signal 
at the corresponding reference (carrier) frequency, denoted by	𝑓!"#$% .	The wireless channel adds a 
Doppler shift (𝑓$) to this reference frequency so that when the LTE DL signals arrive at the TA 
transceiver, the carrier frequency appears to be	𝑓!"#$% + 𝑓$ .	The TA receiver derives its frequency 
reference from this perceived carrier frequency so that when it transmits uplink (LTE UL) signals 
toward the base station, the uplink carrier frequency gets shifted from the correct LTE UL 
reference frequency	(	𝑓!"#&% )	by an amount equal to 𝑓$ .	Thus, the carrier frequency associated with 
the LTE UL signals transmitted by the TA transceiver equals	𝑓!"#&% + 𝑓$ .	(While	this	description	
is	applicable	to	a	Time	Division	Duplex	(TDD)	LTE	system,	extensions	to	Frequency	Division	
Duplex	 (FDD)	are	 straightforward.)	 	Over the path to the base station receiver, the wireless 
channel adds another Doppler shift	(equal to	𝑓$	Hz)	to these signals, so that when they arrive at 
the base station receiver, the effective LTE UL carrier frequency	(from the viewpoint of the base 
station)	is	𝑓!"#&% + 2𝑓$ .	In other words, the LTE UL signals received by the base station are away 
from the expected carrier frequency by twice the Doppler shift associated with the wireless 
channel.	
Inability to deal with a high Doppler shift is essentially an eNB problem. We have observed that 
commercial LTE terminals are able to track Doppler shifts of several kHz in the downlink (DL) 
signals and set their (derived) center frequencies in accordance with those shifts. However, eNB 
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receivers typically fail to decode the UL signals received over the air interface if they deviate from 
the corresponding reference frequency (	𝑓!"#&% ) by more than a few hundred Hz. Our appliqué-based 
solution leverages the LTE terminals’ ability to track large deviations in the DL center frequency 
to estimate the Doppler shift, and then compensates for it on the outgoing UL signals so that they 
arrive at the eNB with near-zero deviation from the correct frequency reference. 
A schematic illustrating how the appliqué-based Doppler estimation and compensation scheme 
mitigates the Doppler problem is shown in Figure 2. 

	
	
	
	
	
	
	
	
	

As shown in Figure 2, the DEC appliqué is placed between the LTE terminal’s antenna unit and 
transmit-receive ports. It works as follows: The appliqué passes the DL signals received from the 
eNB essentially unchanged to the LTE terminal’s receiver. The receiver derives its frequency 
reference from the received DL signal so that the Doppler shift of  𝑓$ in the DL signal is also 
reflected in the UL signals transmitted by the TA’s LTE transmitter. Thus, the carrier frequency 
of these UL signals is	𝑓!"#&% + 𝑓$ . The appliqué has a stable and accurate local oscillator that 
provides an accurate frequency reference. It samples the UL signals transmitted by the TA 
transmitter and processes them to estimate the amount by which these signals have deviated from 
the correct reference, i.e. from	𝑓!"#&% . That is, the appliqué estimates the Doppler shift 𝑓$ , and 
applies a frequency compensation of −2𝑓$  to the UL signals before transmitting them toward the 
desired eNB. Thus, the signals transmitted by the terminal’s antenna have their center frequency 
at	𝑓!"#&% − 𝑓$. Since the wireless channel adds a Doppler shift of 𝑓$, when the UL signals arrive at 
the desired eNB, their carrier frequency is close to	𝑓!"#&% , the correct UL carrier frequency.  
 
 
 

3. THE VELOCITE LTE AIRBORNE TRANSCEIVER 
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The Doppler compensation is implemented in an FPGA-
based signal processing block, which controls the RF 
path of a commercial COTS 4G LTE UE modem. 
Frequency translation to the desired (non-3GPP 
standardized) C-Band and a high-power amplifier are 
also incorporated into the unit. The airborne transceiver 
unit is fully self-contained requiring only two RF 
external connections to the antennas. The overall 
airborne transceiver unit has currently evolved into its 
second generation design under the Velocite airborne 
transceiver label and has undergone environmental 
testing for an array of flight scenarios.   
 
 

3. DESCRIPTION OF FIELD TEST SETUP 
	
After the completion of laboratory testing and verifying the validity of the approach in emulated 
flight conditions, we proceeded to field deployment and testing at Edwards AFB. We installed a 
private LTE network comprising three eNBs (i.e. 3 cells) operating in C-Band.  Each eNB was 
equipped with broad-beam antennas with 70-degree beam-width in both azimuth and elevation. 
There were four receive and two transmit antennas at each eNB as shown in Figure 4 below. 

	
	

Figure	4:	LTE	eNB	Installations	

The	three	cells	were	arranged	so	as	to	provide	coverage	during	take-off	and	landing	and	to	
cover	the	airspace	in	the	north	area	of	Edwards	AFB.	The	nominal	coverage	range	is	color-
indicated	in	Figure	5	below	along	with	the	implied	antenna	pointing	directions	for	the	three	
cells.	This	 limited	3-cell	network	deployment	provided	 sufficient	 coverage	 for	an	aircraft	
flying	a	variety	of	maneuvers	in	the	air	while	maintaining	the	radio	link.		
We	used	a	C-12J	twin	turboprop	aircraft	flying	at	maximum	of	253kt.	Two	antennas	were	
installed	at	the	aircraft	and	connected	with	the	airborne	transceiver	unit.	Due	to	the	antenna	
positioning,	we	experienced	airframe	shadowing	that	interrupted	the	radio	link	during	some	
maneuvers	in	the	air.		
	

 

Figure	3	Velocite	LTE	Airborne	Transceiver 



	

The other elements of the LTE-based AMT system included backhaul links, and an Evolved Packet 
Core (EPC). The EPC represents the LTE core network and comprises key elements such as the 
Mobility Management Entity (MME), the Serving Gateway (SGW), and the Packet Data Network 
Gateway (PGW). The LTE network parameters and key performance indicators were visible to 
and managed externally. An additional functional block called Integrated Cellular Network 
Controller (ICNC) was used for supervision and exercising network event controls such as 
handovers. The LTE core network and ICNC were installed in a different location in Edwards 
AFB were backhaul access from all cell sites was available.  

 

For the flight testing, the Velocite LTE airborne transceiver was rack-mounted on the C-12J and 
flew a series of flight paths over two days of testing. In Figure 6, the trajectory covered in part of 
the first of two days of testing is shown in a 3-dimensional red line superimposed on the 
visualization feature of the supervision and network control, ICNC, controller.  

Figure	5:	Nominal	Coverage	Area	and	Antenna	Directions	in	the	AMT	System	

Figure	6:	A	Representative	Flight	Path	Used	in	the	Flight	Tests	



4. RESULTS OF THE FIELD TESTS 

Selected	 in-flight	 segments	 of	 the	 flights	 during	 the	 days	 of	 testing	 are	 discussed	 in	 this	
section.	The	segments	analyzed	exhibit	some	of	the	key	behaviors	and	are	described	in	detail	
below.			
Take off segment.  

Figure	7	shows	the	takeoff	segment	as	recorded	by	actual	GPS	and	aircraft	parameter	data	
(Time,	 Speed,	 Position,	 Information	 –	 TSPI)	 data	 and	 projected	 on	 to	 CeRTN’s	 ICNC	
visualization	map.	Figures	8-11	show	the	 time	series	of	 the	 individual	 test	data	collected	
during	this	segment.	The	time	series	are	plotted	with	actual	local	time	stamps	and	all	plots	
are	aligned	using	their	respective	time-stamps.	The	thicker	red	line	indicates	the	start	of	the	
segment.	In	particular,	Figure	8	shows	the	signal	strength	RSRP	from	the	connected	eNB	and	
all	 the	 neighbors	 that	 are	 visible	 to	 the	 transceiver.	 Successful	 handovers	 are	 shown	 in	
vertical	green	lines,	while	orange	lines	indicate	failed	handovers.	Figure	9	shows	the	distance	
of	the	TA	to	two	different	cell	sites	as	calculated	by	TSPI.	Distance	as	reported	by	Timing	
Advance	reports	at	the	connected	eNB	is	also	plotted	in	same	graph.	It	is	interesting	to	note	
the	accuracy	and	consistency	of	the	distance	estimate	based	on	Timing	Advance	with	respect	
to	 the	 TSPI	 generated	 distance	measurement	 (error	within	 200-300	meters	most	 of	 the	
time).	Figure	10	is	an	important	plot	showing	Doppler	of	the	TA	as	calculated	by	TSPI	and	
compared	against	the	Doppler	estimates	(white	dots)	that	the	appliqué	measures.	While	the	
aircraft’s	flight	path	produced	Doppler	variations	between	-1850Hz	to	1850Hz,	the	appliqué	
has	consistently	tracked	the	connected	eNB	and	
quickly	adjusted	to	a	new	eNB	on	handovers	or	
connection	re-establishments.	Figure	11	shows	
the	 data	 throughputs	 on	 the	 air	 to	 ground	
(uplink)	and	ground	to	air	(downlink)	that	had	
been	generated	by	the	bi-directional	iPerf	tool	
and	recorded	on	the	receiver	side.	Instances	of	
continuous	 20-second	 zero-throughput	
segments	is	a	by-product	of	the	technique	used	
to	 regularly	 reset	 iPerf	 so	 as	 to	 obtain	
independent	 throughput	 in	 averages	 of	 short	
segments.	 Figure	7	Take-off	segment	



	

	
Figure	8:	Takeoff	segment	–	RSRP	and	Handovers	(Green	=	Successful)	

	
Figure	9:	Takeoff	segment	–	distance	from	base	stations	(GPS	and	estimate	from	TA)	

	
Figure	10:	Takeoff	segment	–	Doppler	shift	



	
Figure	11:	Takeoff	segment	–	Throughputs	

Flying-out-of-coverage segment.  

In	this	segment,	the	aircraft	makes	a	clockwise	turn	in	front	of	the	
north	facing	cells	before	heading	straight	north	flying	in	a	straight-
line	away	 from	the	eNBs	 in	a	northbound	direction	as	 shown	 in	
Figure	12.	The	data	collected	from	the	ICNC	logs,	TA	appliqué,	TSPI	
and	derived	parameters	are	shown	in	Figures	13-17.	It	should	be	
noted	that	the	TA	appliqué	maintained	track	of	the	eNB	even	near	
the	maximum	Doppler	 reached	 (1850Hz)	while	 the	 aircraft	was	
flying	near	its	maximum	speed	of	253	knots.	The	TA	maintained	an	
active	RF	link	up	to	a	range	of	60Km	from	eNB2.		
The	traffic	throughput	observed	on	the	ground	achieved	a	peak	of	
around	 28	 Mbps	 when	 the	 TA	 was	 near	 eNB2	 and	 reduced	 to	
around	5Mbps	at	the	60	Km	point.	Simultaneously,	the	throughput	
delivered	to	the	TA	was	up	to	a	maximum	of	8	Mbps	and	reduced	
to	2	Mbps	at	60	Km.	
	The	 RSRP	 plot	 also	 indicates	 a	 few	 instances	 of	 successful	
handovers	between	eNB1	and	eNB2.	

	
Figure	13:	Doppler	Shift	during	maximum	range	flight	segment	

Figure	12:	Fly	out	of	Range	
Segment	



	
Figure	14:	Distance	(based	on	GPS	data	and	eNB	timing	advance)	during	maximum	range	

flight	segment	

	
Figure	15:	RSRP	and	handovers	(Green	=	Success,	Orange	=	Failure)	

	

	
Figure	16:	Max	range	segment	uplink	throughput	

	
Figure	17:	Max	range	segment	downlink	throughput	

CONCLUSION 
 



A	flight	test	of	the	airborne	transceiver	prototype	for	the	Cellular	LTE	Range	Telemetry	effort	
was	conducted	at	Edwards	AFB	on	October,	2019.	The	ground	network	consisted	of	three	
cellular	LTE	4G	base	stations	covering	the	broad	area	of	North	Edwards	and	the	flightline	for	
coverage	 during	 takeoff/landing.	 A	 C-12J	 was	 outfitted	 with	 a	 standard	 COTS	 LTE	
transceiver,	enhanced	with	a	Doppler	compensation	appliqué	and	frequency	translation,	and	
RF	 power	 amplifier	 components.	 The	 aircraft	 executed	 a	 series	 of	maneuvers	 through	 a	
sequence	of	test	points	reaching	a	peak	speed	of	253	knots	ground	speed.	The	LTE	network	
operated	in	C-Band,	providing	a	full	duplex	(air-to-ground	and	ground-to-air)	radio	link	over	
a	single	20	MHz	bandwidth	channel	in	Time-Division-Duplex	(TDD)	mode.		
Analysis	of	the	test	results	shows	an	air-to-ground	link	peak	data	rate	of	28	Mbps,	with	an	
average	sustained	data	rate	above	13	Mbps	 for	 the	majority	of	 the	 flight.	A	simultaneous	
ground-to-air	link	was	maintained	in	the	same	20	MHz	band	with	a	peak	data	rate	of	6	Mbps,	
and	 a	 3.5	 Mbps	 average	 data	 rate.	 A	 60	 Km	maximum	 radio	 link	 distance	 was	 reached	
delivering	a	5	Mbps	air-to-ground	data	rate	at	near	maximum	aircraft	speed	and	distance	
with	worst	case	Doppler	(aligned	radio	link	and	flight	path	axes).	The	C-12J	reached	nominal	
cruising	 speed	of	 200-220	knots	 ground	 speed	 that	produced	Doppler	 shifts	which	were	
significantly	 higher	 than	 what	 typical	 commercial	 LTE	 systems	 can	 support.	 During	 the	
aircraft’s	flight,	the	airborne	LTE	transceiver	transitioned	its	radio	link	between	the	three	
cells,	performing	a	large	number	of	successfully	executed	handovers.	For	the	majority	of	the	
flight,	 the	 combination	 of	 the	 Doppler	 compensation	 at	 the	 airborne	 transceiver	 and	
handovers	provided	an	uninterrupted	radio	link	in	both	directions.		The	airborne	transceiver	
experienced	 a	 small	 number	 of	 radio-link	 losses	 attributed	 primarily	 to	 temporary	
shadowing	by	the	airframe	during	turns.		
Overall,	 the	 flight	 test	 provided	 a	 positive	 confirmation	 that	 an	 airborne	 COTS	 LTE	
transceiver	can	successfully	operate	with	the	addition	of	a	Doppler	compensation	applique	
at	high	speeds	 (current	Doppler	appliqué	 implementation	 is	engineered	 to	support	up	 to	
Mach	 1.5	 ground	 speed	 in	 C-Band).	 The	 LTE	 ground	 network	 of	 base	 stations	 handled	
mobility	management	(handover)	aspects	and	provided	continuous	and	seamless	operation	
while	the	aircraft	 traversed	the	different	coverage	areas	of	 the	cells.	A	single	LTE	ground	
station	was	shown	to	provide	coverage	over	a	significant	geographical	area	with	60	Km	cell	
radius.	Additional	flight	tests	at	higher	speeds	and	dynamics	are	planned	for	the	near	future.		
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