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ABSTRACT 
 
High Doppler shifts between base stations and test articles (TAs) pose the biggest problem to 
Aeronautical mobile telemetry (AMT) implemented on a wireless LTE network. Our solution to 
this problem includes a Doppler estimator/compensator (DEC) that proactively shifts the LTE 
uplink (LTE UL) signals transmitted by the TA. We have designed the DEC in the form of an 
applique’ that can be inserted between the transmit/receive ports of a COTS TA transceiver and 
its antenna(s). The DEC estimates the Doppler shift using the LTE UL signals transmitted by the 
TA, which carry a frequency offset that includes the Doppler shift. This not only provides a 
clean, noise- and fading-free signal for Doppler estimation, but also allows us to do away with 
the need to know the identity of the base station with which the TA is communicating. In this 
paper, we provide an architectural description of the DEC and an outline of the algorithms that 
have been incorporated into it. At present, a laboratory prototype of the DEC has been developed 
using Universal Software Radio Peripherals (USRPs), coupled with a Linux PC to carry out most 
of the computations. An FPGA-based implementation is currently under development.  
 

1. INTRODUCTION 
 
It is well-known that successful implementation of Aeronautical Mobile Telemetry (AMT) on a 
3GPP LTE-based wireless communication infrastructure hinges on the system’s ability to deal 
with the high Doppler shifts that are likely to be encountered in this environment. Commercial 
LTE equipment, especially the base station receivers, is designed to handle Doppler shifts of the 
order of a few hundred Hz. In contrast, in AMT use cases, Doppler shifts can easily reach several 
kHz at higher carrier frequencies, particularly when the TA’s speed vector aligns with the radio 
path.  As a consequence, commercial LTE base station receivers are challenged to support 
communication links in an AMT environment. It is, therefore, desirable to bring the Doppler 
shifts visible to these receivers down to a level they can handle (i.e. within a few hundred Hz.) 
Our solution to the problem of high Doppler shifts is based on a two-pronged approach (see [1], 
[2]): We proactively force handovers of the TAs to base stations that not only have an adequate 
signal-to-noise ratio (SNR), but also a relatively low Doppler shift. At the same time, we 
estimate and compensate for the Doppler shift so that when the signals transmitted by the TA 
arrive at the desired base station, they are well within that base station’s frequency range. It is the 
latter part of our solution, namely Doppler Estimation and Compensation (DEC), which we 
describe here. 



Since the motivation for exploring LTE-based AMT is to be able to use COTS equipment, we 
have designed our Doppler estimator/compensator in the form of an applique’ that can be 
inserted between the transmit/receive ports of the TA and its antenna(s). This arrangement 
ensures that the COTS mobile device that will constitute the TA end of the link needs practically 
no alterations. 
Technically, Doppler estimation can be carried out using the LTE downlink (LTE DL), i.e. 
ground-to-air, signal or the LTE uplink (LTE UL), i.e. air-to-ground, signal. Since the LTE DL 
signal received by the TA comprises transmissions received from multiple base stations, each 
with its own Doppler shift, in order to estimate the correct Doppler shift, an indication of the 
desired base station is required from the TA receiver. Such an indication is usually unavailable to 
external interfaces in COTS LTE transceivers. On the contrary, the signal transmitted by the TA 
on the LTE uplink is always toward the desired base station. Moreover, because of the fact that 
the TA’s LTE receiver typically receives its frequency reference from the LTE DL signal 
(inclusive of the Doppler shift), the LTE UL signal is also shifted from the correct reference by 
the Doppler shift suffered by the LTE DL signal. Thus, the Doppler shift can be estimated in an 
unambiguous manner by processing the LTE UL signal transmitted by the TA. An added benefit 
of this approach is that this signal does not suffer from the effects of fading or channel noise that 
the LTE DL signal does. Considering these benefits, our applique’-based DEC estimates the 
Doppler shift by processing the LTE UL signals transmitted by the TA. 
 

2. THE DOPPLER PROBLEM IN AMT AND THE BASICS OF DEC 
	
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 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 towards the base station, the uplink carrier frequency gets shifted from the correct LTE 
UL reference frequency	( 𝑓!"#!" )	by an amount equal to 𝑓! .	While	this	description	is	applicable	
to	 a	 Time	 Division	 Duplex	 (TDD)	 LTE	 system,	 extensions	 to	 Frequency	 Division	 Duplex	
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(FDD)	 are	 straightforward.	 	Thus, the carrier frequency associated with the LTE UL signals 
transmitted by the TA transceiver equals 𝑓!"#!" + 𝑓! .	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.		
A schematic illustrating how our applique’-based Doppler estimation and compensation scheme 
mitigates the Doppler problem is shown in Figure	2.  

	
	
	
	
	
	
	
	
	

 As 

shown in Figure	2, the applique’-based DEC is collocated with the TA transceiver, and is placed 
between the TA’s antenna unit and transmit-receive ports. It works as follows: The	DEC	passes	
the	LTE	DL	signals	 received	 from	 the	base	station	essentially	unchanged	 to	 the	TA’s	LTE	
receiver.	The	TA’s	LTE	receiver	derives	its	frequency	reference	from	the	received	LTE	DL	
signal	 so	 that	 the	Doppler	 shift	 of	𝑓!	in	 the	LTE	DL	 signal	 is	 also	 reflected	 in	 the	LTE	UL	
signals	transmitted	by	the	TA’s	LTE	transmitter.	Thus,	 the	carrier	 frequency	of	 these	LTE	
UL	 signals,	 as	 shown	 in	 Figure	 2,	 is 𝑓!"#!" + 𝑓! . The DEC has a stable and accurate local 
oscillator that provides an accurate frequency reference at the nominal LTE UL carrier frequency 
of	 𝑓!"#!" 	Hz. It samples the LTE 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 DEC estimates the Doppler shift 𝑓!, and applies a frequency compensation 
of −2𝑓! to the LTE UL signals before transmitting them towards the desired base station. Thus, 
the signals transmitted by the TA’s antenna have their carrier at 𝑓!"#!" − 𝑓!. Since the wireless 
channel adds a Doppler shift of +𝑓!, when the LTE UL signals arrive at the desired base station, 
their carrier frequency is close to 𝑓!"#!" , the correct LTE UL carrier.  
 

3. DESCRIPTION OF THE DOPPLER ESTIMATOR/COMPENSATOR 
	
LTE Uplink transmissions from the TA transceiver comprise two types of signals – data 
transmission (DT) signals and random access channel (RACH) signals. Both types of signals are 
transmitted over sub-frames of 1 ms duration. However, because they are structurally different, 
their type needs to be identified before they can be processed for Doppler estimation. Figure	3 
and Figure	4 shown below respectively illustrate the structure of DT and RACH signals [3]. 
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Figure	2:	A	Schematic	Illustrating	How	the	Applique'	Works	



	
	
	
	
	
	
 
	
	
	
	
	
	
 
	
As shown in Figure	3, a DT subframe consists of two slots, each of duration 0.5 ms.  Each slot 
comprises 7 OFDM symbols. Each OFDM symbol comprises a data portion of duration 66.67	
µs, and a cyclic prefix (CP). The length of the cyclic prefix for the first symbol in a slot is 5.2 µs, 
whereas that for the remaining symbols is 4.7	µs each. At the sampling rate associated with a 20 
MHz channel, the length of the data portion in a symbol is 2048 samples, the length of the first 
CP is 160 samples while that of the remaining CPs is 144 samples each. Note that in the time 
domain, the CP is an exact replica of the corresponding number of samples at the end of the data 
portion of the OFDM symbol. 

The structure of a RACH subframe, as shown in Figure	4, is quite different. It consists of a single 
OFDM symbol of length 800 µs, preceded by a CP of length 103	µs. The CP in this case is an 
exact replica of the last 103 µs segment of the 800	µs long OFDM symbol. (The OFDM symbol 
carries the preamble sequence randomly selected by the TA transceiver to access the base 
station.) At the sampling rate corresponding to a 20 MHz channel, the 800	µs OFDM symbol 
translates to 24576 samples while the 103 µs CP consists of 3168 samples. 

We use this difference in the frame structure to identify the subframe being transmitted by the 
TA transceiver. Also, because of this difference in the frame structure, different methods need to 
be employed to estimate the Doppler shift for the two types of subframes. The following is a 
simple method of estimating the Doppler shift from an OFDM symbol preceded by a CP. Similar 
methods have been used for synchronization in systems using OFDM signals. (See, e.g., [4].) 

Let 𝑇	denote the sampling period, and	

𝒙 = 𝑥!, 𝑥!,… , 𝑥!!! = [𝑥 0 , 𝑥 𝑇 ,… , 𝑥( 𝑁 − 1 𝑇)]	 							 	 	 	 (3.1)	

denote an OFDM symbol transmitted by some transceiver. Let this signal be preceded by a CP of 
length 	𝐾 (where 𝐾 < 𝑁), so that the actual transmitted signal is	

	𝒚 = 𝑦!,𝑦!,… ,𝑦!!!!! = 𝑥!!! , 𝑥!!!!!,… , 𝑥!!!, 𝑥!, 𝑥!,… , 𝑥!!! .	 		 	 (3.2)	

Now, if there is a difference (offset) of	∆𝑓	between the carrier frequencies at the receiver and the 
transmitter, the OFDM symbol with CP appears to the receiver as follows: 
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Figure	3:	Structure	of	a	DT	Subframe	

Figure	4:	Structure	of	a	RACH	Subframe	



𝒚 = [𝑦!,𝑦!,… ,𝑦!!!!!] = [𝑦!,  𝑦!𝑒!!!∆!" ,… ,  𝑦!!!!!𝑒!!!∆!(!!!!!)!].	 	 	 (3.3)	

From (3.2) and (3.3), it follows that the first	𝐾	entries of the vector	𝒚,	i.e. those that correspond 
to the CP, are given by	

𝑦!,  𝑦!𝑒!!!∆!" ,… ,  𝑦!!!𝑒!!!∆! !!! ! = 𝑥!!! ,  𝑥!!!!!𝑒!!!∆!" ,… ,  𝑥!!!𝑒!!!∆! !!! ! ,	(3.4)	

while the last	𝐾	entries of the vector	𝒚	are given by 

𝑦!𝑒!!!∆!"# ,  𝑦!!!𝑒!!!∆!(!!!)! ,… ,  𝑦!!!!!𝑒!!!∆! !!!!! ! =
                     𝑥!!!𝑒!!!∆!"# ,  𝑥!!!!!𝑒!!!∆!(!!!)! ,… ,  𝑥!!!𝑒!!!∆! !!!!! ! .	 	 (3.5)	

Thus, by comparing the right hand sides of (3.4) and (3.5), we find that the corresponding terms 
in (3.4) and (3.5) are identical except for a constant phase shift equal to	"2𝜋∆𝑓𝑁𝑇".	 In other 
words, at the receiver, time domain samples in the CP and the samples in the OFDM symbol to 
which they correspond differ from each other by a constant phase shift of "2𝜋∆𝑓𝑁𝑇".	Thus, at 
the receiver, a simple estimate of the frequency offset is given by	

∆𝑓 =  𝑎𝑛𝑔𝑙𝑒( (𝑦!)∗!!!
!!! 𝑦!!!)/(2𝜋𝑁𝑇).	 	 	 	 	 	 	 (3.6)	

Because of the wraparound nature of the phase shifts, eq. (3.6) can be used to estimate frequency 
offsets only if they are within	±1/(2𝑁𝑇)	Hz. As we saw earlier, for DT subframes, the quantity	
“𝑁𝑇”	equals 66.67	µs, which means that the above method can be used to estimate frequency 
offsets (or Doppler shifts) as long as they are within	±1/(2𝑁𝑇)	=	±7.5 kHz. This range is 
adequate for most AMT applications. On the other hand, for RACH subframes,	“𝑁𝑇”	equals 800	
µs, which limits the range of the estimate to	±625 Hz. This is clearly inadequate for AMT. 
Consequently, a different method is needed to estimate frequency offsets (or Doppler shifts) 
from RACH transmissions. The following is a brief description of the method we have 
developed to estimate frequency offsets from RACH transmissions. 

Before we describe the estimation method, let us briefly review how RACH transmissions are 
generated [3]. In base-band, RACH transmissions comprise preambles based on Zadoff-Chu 
sequences of length 839. Zadoff-Chu sequences derived by applying different cyclic shifts to the 
same base sequence are orthogonal. Similarly, Zadoff-Chu sequences corresponding to different 
base sequences are also nearly orthogonal. Each base station broadcasts what set of Zadoff-Chu 
sequences can be used by UEs trying to communicate with it over the RACH channel. The 
Zadoff-Chu sequences associated with a base station comprise a set of base sequences and 
certain cyclic shifts for each of them. When a UE decides to access a base station over the 
RACH channel, it randomly selects a base sequence and a cyclic shift associated with that base 
station, calculates an 839-point DFT of the selected sequence, assigns the DFT samples to the 
first 839 sub-carriers in the RACH block announced by the base station, and then computes a 
time-domain version of the preamble using the samples assigned to these sub-carriers. To this 
base-band time-domain signal, the UE prepends a cyclic prefix (CP) of appropriate length, shifts 
the composite signal to the appropriate frequency band, and transmits the resulting RF signal 
towards the desired base station.	
Using its local oscillator (LO), the DEC translates the RF signal transmitted by the UE to base-
band, after which it identifies the point where the CP ends and the preamble selected by the UE 
begins. After this, the DEC decimates the preamble signal using an appropriate decimation factor 



to obtain 1024 time-domain samples representing the preamble selected by the UE. Note that 
these samples are affected by the frequency offset (or Doppler shift) between the effective carrier 
frequency used by the UE and the LO frequency associated with the DEC. Using the set of 
possible preamble base sequences (which correspond to those associated with the desired base 
station as well as its neighbors), the DEC carries out correlation of the 1024 samples with those 
associated with each of the preamble base sequences in the set. This correlation process yields 
the identity of the preamble base sequence that yields the highest correlation value and the cyclic 
shift at which this peak correlation occurs. Using the identity of the selected base preamble 
sequence and the cyclic shift at which the peak correlation occurs, DEC can determine the 
frequency offset (or Doppler shift) using some fairly straightforward calculations. 

The computations involved in carrying out correlations with preamble base sequences are 
simplified if they are done in the frequency domain. Consequently, we refer to this method of 
determining frequency offsets as the transform-based method. The method described earlier (in 
eqs. (3.1) - (3.6)) is referred to as the CP-based method. Thus, we use the CP-based method to 
estimate frequency offsets (Doppler shifts) from DT transmissions while the transform-based 
method is used to determine the frequency offsets from RACH transmissions. Figure	5 shows a 
schematic of the major functional blocks in the applique’ that are involved in the estimation of 
frequency offsets. It is assumed in the figure that the signal transmitted by the UE has been 
down-converted to the base-band and sampled at the system sampling rate.	
	

	
Figure	5:	A	Flow	Diagram	Showing	Major	Functional	Blocks	of	the	Applique'	

. 
4. IMPLEMENTATION OF THE DOPPLER ESTIMATOR/COMPENSATOR 

 
The algorithms in the various functional modules of the applique’-based Doppler 
estimator/compensator have been tested using MATLAB and C-language simulations. They have 
also been tested in a lab setup involving COTS LTE base stations and a UE. In the lab setup, 
functional modules of the Doppler estimator/compensator have been implemented using 
universal software radio peripherals (USRPs) in combination with a Linux PC for carrying out 



computationally intensive operations. The wireless channel that introduces a Doppler shift in the 
link between the base station and the UE has also been implemented with a USRP.  
 
The laboratory setup comprises two base stations and a UE. Each of the base stations has two 
transmit antennas and one receive antenna whereas the UE has a single transmit and receive 
antenna. Thus, there are two LTE DL paths (i.e. two LTE DL channels) and a single LTE UL 
path (i.e. a single LTE UL channel) between the UE and each base station. Four USRPs have 
been used to emulate these six channels. For each base station, a single USRP emulates the 
channels associated with the two LTE DL paths while another USRP emulates the channel 
associated with the LTE UL path. Based on a script, each USRP can generate a frequency offset 
by which it can shift the signal associated with the corresponding channel. This frequency offset 
represents the Doppler shift introduced by the channel being modeled by the USRP. The USRP 
can also introduce a programmable delay between the transmit and receive ends of the channel. 
These four USRPs are also capable of introducing frequency compensation into the signals they 
are handling. Besides these four USRPs, there is a fifth USRP that captures the LTE UL signal 
transmitted by the UE. This captured signal is fed to a Linux PC that processes it to estimate the 
frequency offset introduced by the Doppler shift, and determines the amount by which the center 
frequencies of the LTE UL and LTE DL signals need to be compensated. These amounts are 
conveyed to the USRPs handling LTE UL and LTE DL signals so that they can introduce the 
appropriate frequency shift into those signals. To support higher bandwidths and lower 
frequency offset estimation latency, an FPGA-based implementation of the two “Server” 
functions (Frequency Offset Analysis and Compensation Control) is being developed. Figure	 
given below shows the functional architecture of this implementation. 

	
	

Figure	6:			FPGA-Based	Frequency	Offset	Estimation	and	Compensation	Control	

The Frequency Offset Estimator function samples the TA uplink signal, detects Data 
Transmissions (DT) and RACH symbols, and estimates the frequency offset when either is 
found. The frequency offset estimates are passed to the Compensation Control function where 
the noisy estimates are filtered and the appropriate frequency offset compensation values are sent 
to the compensation circuit. The FPGA-based Frequency Offset Estimator function provides the 
primary benefit of accommodating higher bandwidth signals and reducing frequency offset 



compensation latency. Its functional architecture is shown in Error! Reference source not 
found..	

	
Figure	7:	FPGA-Based	Frequency	Offset	Estimator	

The sampled uplink signal is passed to two CP-based detectors that work to detect both a Data 
Transmission (DT) symbol and a RACH symbol simultaneously. The complex phase at the 
correlation peak for the DT symbol is directly proportional to the frequency offset and is passed 
to the Compensation Control function for further processing. The correlation peak for the RACH 
symbol is used to perform a transform-based correlation search for the set of known Zadoff-Chu 
preamble sequences used in the network. The frequency offset is estimated using the preamble 
sequence that yields the highest correlation with the received RACH signal. 
We conclude this section by showing an example of how well the DEC works in an environment 
where the Doppler shift can be as high as 4 kHz. This environment has been emulated using the 
lab setup described above. It should be noted here that without compensation, the LTE link 
between the UE and its serving base station fails as soon as the Doppler shift exceeds a few 
hundred Hz. Figure	 below shows a picture of the scenario being simulated in this example. 

In the scenario simulated in this example, the TA follows the trajectory shown by the “L-shaped” 
curve, beginning at point A and ending at point B. It starts from rest and increases its speed as it 
moves along the trajectory. The trajectory is covered by two base stations (labeled eNB 1 and 
eNB 2 in Figure	), with beam shapes and directions as shown. The TA is initially connected to 
eNB 1; later, at time index 80 on the x axis, it hands over to eNB 2; again, at time index 116, it 
hands over back to eNB 1. Doppler compensation is initially disabled; it is enabled at time index 
40 after the TA starts moving. 



	

Figure	8:	A	scenario	to	Test	Efficacy	of	the	Doppler	Estimator/Compensator	

Figure	 shows the Doppler shifts associated with the two base stations as the TA moves along the 
trajectory shown in Figure	 . Figure	  also shows the Doppler shift estimated by the DEC. The 
points at which the TA hands over from one base station to another are also evident in the figure. 
Note that the DEC estimates the Doppler shift associated only with the serving base station. It is 
clear from the figure that the actual Doppler shift and its estimate produced by the applique’ are 
within a few hundred Hz of each other. This is well within the range of the base station receivers.	
 

	
Figure	9:	Actual	and	Estimated	Doppler	Shifts	for	the	Scenario	Shown	in	Figure	9 

CONCLUSION 
 
High Doppler shifts between base stations and TAs constitute the biggest hurdle in the successful 
implementation of AMT based on the LTE cellular technology. In this paper, we demonstrated 
how a Doppler Estimator/Compensator (DEC) that is collocated with the TA’s transceiver can 
neutralize the Doppler effect and allow COTS TA LTE transceivers to operate in the AMT 
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environment. A lab prototype of the DEC was shown to mitigate Doppler shifts as high as 6 kHz. 
An FPGA version of the DEC is currently under development. 
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