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Abstract

To meet an ever-increasing demand of the spectrum for aeronautical communication, we propose new L-band digital aeronautical

communication system (LDACS) using reconfigurable filtered OFDM (Ref-OFDM). The proposed protocol enables transceivers

to dynamically adapt the transmission bandwidth over a wide range to meet the desired quality of service, and high out-of-band

attenuation leads to significant improvement in the vacant spectrum utilization. We support our claims via simulation and complexity

comparison results for various realistic channel conditions.
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I. INTRODUCTION

The air traffic management (ATM) system handles the communication between the aircraft and between aircraft and ground

terminals in the controlled airspace. Existing ATM system can support limited data rate services and fewer communication links

due to limited bandwidth. To meet the spectrum demand of ever-increasing air traffic and enable a variety of services to support

different phases of flight, international civil aviation organization (ICAO) proposed future communication infrastructure (FCI)

system [35, 37, 41]. It consists of several communication data links between satellite stations, aircraft and ground terminals as

shown in Fig. 1. Such FCI system is expected to be deployed for other communications, navigation, and surveillance (CNS)

applications as well. Ongoing research projects such as the Next Generation Air Transportation System (NextGen) and Single

European Sky ATM Research (SESAR) [37] aim to develop and realize such FCI system. The work presented in this paper

focuses on the air-to-ground communication (A2GC) which is one of the important data link of the FCI system.

The brief history of the evolution of the A2GC system is depicted in Figure 2. In 1940, the first A2GC link was deployed

using the analog modulation based communication system. To improve the robustness and throughout, A2GC link was digitized
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Fig. 1: Various communication links in the future communication infrastructure (FCI) system.

in the 1990’s and deployed in the 19 MHz VHF band (118-137 MHz). Hence, it is referred to as VHF Data Link (VDL)[37]

and is widely used in existing systems. The VHF band is also used for air-to-air communications as shown in Fig. 1. The

drawbacks of the VDL based system are severe congestion due to fewer communication links and low data rate which limits the

number of offered services. In 2007, opportunistic spectrum access based inlay approach was identified to enable A2GC in the

L-band (960-1164MHz), and it is referred to as L-band digital aeronautical communication system (LDACS). It is expected to

support a wide variety of services ranging from voice, data to futuristic delay-sensitive multimedia services by exploiting vacant

frequency bands between incumbent L-band users. In 2009, LDACS specifications were finalized, and the first prototype was

recently demonstrated [15, 33, 37, 41].
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Fig. 2: Brief history about the evolution of A2GC system.

The envisioned LDACS consists of two sub-systems: 1) LDACS1: a Broadband multi-carrier system based on orthogonal

frequency division multiplexing (OFDM). It is similar to IEEE 802.16 standard and employs inlay approach between incumbent

distance measuring equipment (DME) signals, and 2) LDACS2: Narrowband single carrier system based on time division duplex

approach. It is similar to the global system for mobile communication (GSM) and uses a Gaussian minimum shift keying

modulation scheme [25]. For the next-generation A2GC system, LDACS1 seems to be a better choice due to the capability to

support high-speed delay-sensitive multimedia services and compatibility with the cellular communication standards [29, 33].

Hence, the work presented in this paper will focus on LDACS1, and we will refer to it as LDACS hereafter.

The spectrum occupancy of L-band is shown in Figure 3. Various legacy or incumbent users in L-band are DME signals (960-

1215 MHz), radar-based multi-functional information distribution system (MIDS), universal access transceiver (UAT) systems
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(978 MHz), secondary surveillance radar (SSR) (1030 MHz) and airborne collision avoidance system (ACAS) (1090 MHz) [15].

The LDACS system can be deployed in the L band using two approaches: overlay and inlay approach. In the overlay approach,

it is deployed in the vacant spectrum where no other legacy system is present. This approach is straightforward and chosen for

GSM like LDACS2 in 960-975 MHz band. On the other hand, the overlay approach is not suitable for OFDM based LDACS

(or LDACS1) due to limited vacant spectrum in the L-band. Hence, an inlay approach is envisioned exploiting the multiple 1

MHz frequency bands between DME signals.
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Fig. 3: L-band spectrum occupancy and incumbent users.

Existing OFDM-based LDACS protocol can utilize only 498 KHz bandwidth though 1 MHz vacant spectrum is available

between adjacent DME signals. The main reason behind less than 50% of vacant spectrum utilization is the high out-of-band

emission due to inherent rectangular filtering in OFDM. Fixed transmission bandwidth also limits the number of supported

services and hence, the usefulness of LDACS in other CNS applications. The proposed reconfigurable filtered-OFDM based

LDACS enable transceivers to dynamically adapt the transmission bandwidth over a wide range to meet the desired quality of

service and high out-of-band attenuation due to filtering allows wider transmission bandwidth as well as multiple narrowband

transmissions leading to significant improvement in the vacant spectrum utilization. The contributions of this paper are:

1) The frame structure of the proposed LDACS allows transceivers to adapt the transmission bandwidth from 186 KHz to 732

KHz. It is a generalized version of existing LDACS which supports only 498 KHz bandwidth.

2) We propose a reconfigurable filtered OFDM (Ref-OFDM) using a reconfigurable linear phase multi-band finite impulse

response (FIR) digital filter. It can adapt the bandwidth on-the-fly without the need of changing the filter coefficients and

can be easily extended to multi-band filter for simultaneous transmission in multiple bands.

3) We theoretically analyze the bit-error-rate (BER) performance of the Ref-OFDM in presence of the DME interference and

LDACS wireless channels.

4) Simulation results compare the proposed Ref-OFDM with other waveforms for LDACS specifications. Other waveforms

are filtered OFDM (F-OFDM) [11], generalized frequency division multiplexing (GFDM) [28] and filter bank multi-carrier

(FBMC) [43].

5) The detailed comparison is done in terms of various parameters such as out-of-band (OOB) emission, interference to

incumbent users for different transmission bandwidths, BER for LDACS specific wireless channels.

6) We present computational complexity comparison results which show that the complexity of Ref-OFDM is lower than other
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waveforms except OFDM making the proposed work an attractive solution for next-generation LDACS.

The proposed work is the extended version of our conference paper [3]. Here, we present a new frame structure, improved

filter design, and theoretical BER analysis. Also, the study of [3] does not consider LDACS specifications and corresponding

channels. In addition to that, we consider multi-user multi-band deployment which has not been discussed yet in the literature.

Please refer to [1] for the detailed technical report of this work.

The rest of the paper is organized as follows. The literature review is presented in Section II. Section III and IV show the

proposed reconfigurable LDACS protocol and Ref-OFDM waveform design, respectively. The simulation results are presented

in Section VI. Section VII concludes the paper.

II. LITERATURE REVIEW

The OFDM based LDACS specifications and its usefulness for CNS applications are summarized in [7, 21, 33]. In this

section, we review various works which analyze the performance of existing LDACS and contribute to improving its feasibility,

robustness, and complexity.

In [12], a new model has been proposed to evaluate and compare the performance of various FCI links as per the Required

Communication Performance (RCP) metric introduced by the ICAO. Based on the analysis, they have also identified the desired

characteristics for any data link to meet RCP requirements. In [14], the effect of the DME power and pulse rate on the BER of

OFDM based LDACS is analyzed. The theoretical results confirm the feasibility of the inlay approach in L-band but simulation

and experimental results are not presented. Also, the analysis is limited to the DME interference specific to European aerospace.

In [7, 10, 16, 34], interference analysis is done via characterizing various incumbent users in L-band concerning their spectral

characteristics, transmit power and the duty cycle. The simulation results show slight degradation in the BER performance of

LDACS when DME power is high. Two algorithms have been proposed to mitigate the DME interference, in [10, 24]. In [10],

pulse blanking technique has been proposed for interference mitigation and it is now an integral part of the LDACS. Supervised

learning-based DME multipath mitigation technique, its performance, and sensitivity analysis are presented in [24]. The works

in [18, 36] validate the performance of the fixed-point implementation of LDACS in the presence of incumbent L-band users on

the hardware testbed. Experiments in real radio environments are being carried out to analyze the effect of a non-linear power

amplifier and analog-front-end on the performance of LDACS.

Recently, few works dealing with the design and implementation of OFDM-based LDACS transceiver have been proposed

[5, 13, 30, 31, 38, 39]. In [30], novel correlation based synchronization approach for large carrier frequency offsets has been

introduced, and its implementation on field programmable gate arrays (FPGA) has shown to consume lower area and power

without compromising on the BER performance [31]. In [38], the design of LDACS transceiver via partial reconfiguration

approach of the FPGA has been proposed. It offers significant improvement in the power consumption of the transceiver without

compromising on the performance. In [39], a novel sensing method for detecting the active LDACS transmissions via multiplier-

less correlation-based method has been proposed. Results show that the proposed approach offers improved performance especially

at low signal-to-noise ratio (SNR) and consumes lesser power than the existing ones.

On the receiver side, reconfigurable low complexity filter and filter bank architectures for channelization and spectrum sensing
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applications have been proposed in [5, 13]. Such architectures are based on frequency response masking approach, and they

allow the LDACS receiver to receive and sense single as well as multiple frequency bands simultaneously. In [19], we proposed

the implementation of LDACS transceiver on Zynq FPGA platform consisting of Advanced RISC Machine (ARM) processor

and FPGA on a single chip. Various configurations of the architecture are realized by dividing it into two sections, one for the

ARM and other for FPGA. We demonstrated the flexibility offered by co-design approach to decide which part of the transceiver

to implement on FPGA and which on the ARM to meet the given area, delay, and power constraints.

Most of the existing works [5, 10, 30, 31, 38, 39] deal with the improving the performance of the OFDM based LDACS.

Rectangular windowing in the OFDM leads to the higher OOB emission and hence, poor spectrum utilization. To design FCI

system for various CNS application, it must offer large transmission capacity, low latency, and high elasticity, along with the

capability to support a wide variety of services which demands distinct transmission bandwidths. To enable this, transceivers

with various other waveforms are explored [3, 23, 26]. In [23], the FBMC waveform has been proposed as an alternative to

OFDM in LDACS. The FBMC offers higher vacant spectrum utilization than OFDM due to sub-carrier filtering approach but

the work in [23] assumes fixed transmission bandwidth compared to the proposed work where the bandwidth is adaptable. From

the architecture perspective, the complexity of FBMC is high, and receiver design is challenging due to complex synchronization

and channel equalization techniques. Since the architecture of FBMC is significantly different from that of OFDM, the single

transceiver cannot support both waveforms unless they are stacked in parallel. From the future perspective, FBMC cannot be

easily extended to multiple antenna configurations which are now a default configuration offering high data rates and improved

performance in the deep fading environment. Hence, ICAO expects further research on various windowing/filtering techniques

to improve the performance and adaptability of OFDM based LDACS.

III. PROPOSED RECONFIGURABLE LDACS PROTOCOL: FRAME STRUCTURE

In this section, we present the frame structure of the proposed reconfigurable LDACS protocol that supports multiple trans-

mission bandwidths. The requirements of the frame structure are:

• It should be identical to the existing LDACS frame structure when the transmission bandwidth is 498 KHz.

• The sub-carrier spacing should be fixed and equal to 9.76 KHz as it depends on the LDACS deployment environment and

hence, can not be chosen arbitrarily.

• The number of symbols per frame should be fixed and independent of the transmission bandwidth.

• It is preferable to use identical synchronization and pilot symbol patterns as in existing LDACS protocol.

Based on an experimental study of channel conditions between aircraft and ground terminals at different phases of the flight,

the sub-carrier bandwidth is limited to 9.76 KHz, and hence, the symbol duration is 120 µs [7, 21, 33]. For these specifications

and to support different bandwidths ranging from 100 KHz to 1 MHz, the FFT size in the proposed protocol is chosen as 128

compared to 64 in the existing protocol. The proposed frame structure for the revised LDACS protocol depicting the data, pilot,

and synchronization symbol patterns and their locations for 732 KHz transmission bandwidth is shown in Figure 4.

The frame consists of 128 sub-carriers with the middle sub-carrier being the DC null sub-carrier. The first two symbols of each

sub-carrier are reserved for synchronization. The frame comprises of at the most seven different pilot patterns which are critical
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Fig. 4: Proposed frame structure for the revised LDACS protocol depicting the data, pilot and synchronization symbol patterns
and locations for 732 KHz transmission bandwidth.

for accurate channel estimation and equalization at the receiver. Similar to the existing protocol, we use fixed pilot patterns,

pattern 1 (P1) and pattern 7 (P7), at the third and last symbols, respectively. Since four sub-carriers separate the pilot symbols

in P7 on either side of the DC sub-carrier and the frequency resolution between adjacent sub-carrier is 9.76 KHz, the bandwidth

can be incremented by 78 KHz only. Based on empirical observations, the bandwidth above 732 KHz is not feasible due to high

interference to the DME signal. Also, the bandwidth below 186 KHz may not be suitable for the multi-carrier waveform. Thus,

the proposed frame structure supports eight discrete bandwidths which are 732 KHz, 654 KHz, 576 KHz, 498 KHz, 420 KHz,

342 KHz, 264 KHz, and 186 KHz. For these bandwidths, the number of symbols should be fixed and multiple of the number

of repeating pilot patterns, P2 − P6. For instance, for 732 KHz-342 KHz, all five patterns (P2 − P6) are used while for the

264 KHz and 186 KHz bandwidth, the patterns used are P2 − P5 and P2 − P4, respectively. Hence, the number of symbols

per frame is fixed to 64 out of which 2 are synchronization symbols, and 2 are pilot patterns, P1, and P7. The number of

null-sub-carriers on each side depends on the transmission bandwidth as shown in Figure 5.

IV. PROPOSED RECONFIGURABLE LDACS PROTOCOL: REF-OFDM WAVEFORM BASED TRANSCEIVER

In this section, we present the design of the proposed Ref-OFDM waveform based transceiver for the proposed frame structure

as discussed in the previous section. The motivation behind the proposed transceiver is to support various services that demand

distinct bandwidths. For example, consider the scenario in Figure 6 (a) where the existing LDACS can support at the most 498

KHz bandwidth due to the high out-of-band emission of OFDM. Similarly, it does not allow the multiple users to share the

frequency band especially when transmitting over a narrow bandwidth as shown in Figure 6 (b).

The proposed waveform aims to overcome these drawbacks. The requirements of the new waveform are:
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Fig. 5: Proposed frame structure for the revised LDACS protocol depicting the data, pilot and synchronization symbol patterns
and locations for the transmission bandwidth of (a) 498 KHz and (b) 186 KHz.
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Fig. 6: (a) Single user, and (b) Multi-user LDACS deployment scenarios for a given DME interference threshold.

• It should allow transceivers to adapt the transmission bandwidth over a wide range without compromising on the interference

constraints of the incumbent L-band users (e.g., DME).

• The implementation complexity of the transmitter and receiver should be as low as possible.

• It should be compatible with existing OFDM based LDACS transceivers. Ideally, transceivers should be capable of

dynamically switching between existing and new waveform on-the-fly.

To begin with, we present detail design of the transmitter followed by the receiver.

A. Ref-OFDM Transmitter

The block diagram of the Ref-OFDM transmitter is shown in Figure 7. As per the LDACS specifications, it consists of

randomizer block which randomizes the input data to be transmitted by XORing with the LDACS randomizer stream. The data

is then encoded via Reed Solomen (RS) and Convolutional (CC) encoder with the coding rate as 0.9 and 0.5, respectively. A

helical block interleaver is used to minimize the probability of burst errors. The output of the interleaver is modulated by an

appropriate modulation scheme such as QPSK, 16 QAM, and 64 QAM followed by the symbol to frame mapping for given

transmission bandwidth. After conventional N point Inverse Fast Fourier Transform (IFFT) and Cyclic Prefix (CP) addition, the

discrete time domain signal corresponding to the kth sub-carrier can be given as,

x[n] =
1

K

K−1∑
k=0

Xke
j2πkn
K (1)
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where, K is the IFFT size, n is the discrete time index and Xk is frequency domain response of the transmitted signal at the

kth sub-carrier. It is given by

Xk =
K−1∑
n=0

x[n]e
−j2πkn

K (2)

The x[n] is then filtered using the proposed reconfigurable digital filter f [n]. Hence, the proposed waveform is referred to as

Ref-OFDM waveform. The output of the filter x′[n] is appropriately up-sampled and transmitted over the channel via analog

front-end and antenna. The transmitted signal x′[n] is the convolution (∗) of x[n] and the filter f [n] and can be expressed as,

x′[n] = f [n] ∗ x[n] (3)

Modulator
Channel 

Encoder

LDACS1 

Randomizer

128-IFFT and 

CP Addition
I/P Analog 

Front-End

Subcarrier 

Mapping

Reconfigurable 

Multi-band filter 

h[n]

Fig. 7: Block diagram of the REF-OFDM based LDACS transmitter.

Next, we present the design details of the reconfigurable filter.

1) Filter Design for Single Band Transmission: For the proposed LDACS specifications discussed in the previous Section,

we need a filter which can support eight different bandwidths. One way to design such a filter is the Velcro approach where eight

distinct filters are stacked in parallel [42]. Such approach incurs vast area and power complexity and still offers limited flexibility.

In a programmable filter, filter coefficients corresponding to different frequency responses are stored in the memory and retrieved

when required [40]. Though less complicated than Velcro approach, reconfiguration time of the programmable filters is high,

and it can not take advantage of the methods which significantly reduce the complexity of fixed coefficient filter by replacing

the computationally intensive coefficient multiplication operation with the hardware-friendly shift and add operations.

The proposed reconfigurable fixed coefficient filter offers variable bandwidth baseband bandpass responses and is based on

the coefficient decimation method (CDM) and its extensions [6, 27]. To begin with, we discuss CDM using a suitable example.

Consider the prototype baseband bandpass filter, F (ejωc), where 2ωc is the bandwidth of the filter. The prototype filter is designed

of length Lf . The filter coefficients are obtained using Parks-McClellan optimal FIR filter design method and the filter response

for ωc = 0.12π is shown in the Figure 8(a). Note that all frequency specifications in this sub-section are normalized for half

the sampling frequency. The CDM can provide the frequency responses with the bandwidth integral multiple of the original

bandwidth, 2ωc using fixed-coefficient prototype filter. Let us consider this integer factor as D ∈ {1, 2, 3..}. In CDM with factor

D, every Dth coefficient of the prototype filter is kept unchanged and remaining coefficients are truncated to zero [27]. This

results in the multi-band frequency response, F cdm(ejωc), which is given as
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F cdm(ejωc) =
1

D

D−1∑
i=0

F (ej(ωc−
2πi
D )) (4)

Next, every Dth coefficient of the filter is grouped by removing the zero-valued coefficients to obtain the baseband bandpass

response with the bandwidth 2Dωc. For example, the frequency responses obtained using the prototype filter in Figure 8(a) and

the CDM with D = 2 and D = 6 are shown in Figure 8(b). Note that, the filter coefficients are fixed and independent of D.

However, the transition bandwidth and stop-band attenuation deteriorate by factor D. One way to overcome this deterioration is

to over-design the prototype filter with higher order. An extension of CDM referred to as modified CDM (MCDM) [6], offers

decimated bandpass response with large bandwidth using a smaller value of D than that required in the CDM. In MCDM, all

coefficients except every Dth coefficient of the prototype filter, F (ejωc) are discarded followed by sign reversal of every alternate

retained coefficient. The filter response is then given by

Fmcdm(ejωc) =
1

D

D−1∑
i=0

F (ej(ωc−
π(2i+1)

D )) (5)

For instance, MCDM with factor D results in a baseband bandstop response and the corresponding bandpass response, with

bandwidth 1−Dωc, can be obtained by subtracting it from an appropriately delayed version of the input signal. For example,

the MCDM with D = 2, offers the bandpass response with the bandwidth of 0.76π as shown in Figure 8(c). It has narrower

transition bandwidth and better stopband attenuation than the bandpass response with bandwidth 0.72π obtained using the CDM

in Figure 8(b).
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Fig. 8: Reconfigurable filter design using CDM and MCDM. (a) Prototype baseband bandpass filter with ωc = 0.12π (b)
Baseband bandpass filter responses with the bandwidth 0.24π and 0.72π obtained using the CDM approach with D = 2 and
D = 6, respectively, (c) Baseband bandpass filter responses with the bandwidth 0.76π obtained using the MCDM with D = 2.



0018-9251 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAES.2019.2891092, IEEE
Transactions on Aerospace and Electronic Systems

10

The proposed filter is designed using a combination of CDM and MCDM. For easier understanding, we mention normalized

bandwidths corresponding to actual transmission bandwidths in Table I. The maximum input frequency is 1250 MHz (=128 * 9.76

KHz) which corresponds to the sampling frequency of 2.5 MHz. For the desired values of bandwidths, we obtain the bandwidth

of the prototype filter as 0.24π (i.e.,ωc = 0.12π) and range of D as {2, 3, 4, 5, 6, 7} via dynamic programming. For instance,

the MCDM with D = 7 and prototype filter with ωc = 0.12π give bandpass response with bandwidth 0.32π (i.e.,ωcd = 0.16π).

Since the CDM and MCDM result in deterioration of the filter response, the prototype filter needs to be over-designed such

that the passband ripple, stopband attenuation and transition bandwidth of the prototype filter are Dmax(= 7) times better than

the respective desired values of these parameters. Based on these parameters, order and coefficients of the prototype filter are

obtained. For example, for the desired stop-band attenuation, pass-band ripple and transition bandwidth of 70 dB, 0.1 dB and

0.1π, respectively, the prototype filter order is 240 and bandwidth is 0.24π, i.e. ωc = 0.12π. Please refer to Table I for mapping

between the desired bandwidth and corresponding D. The baseband bandpass responses for these bandwidths are shown in

Figure 9.

TABLE I: Reconfigurable Filter Design

Bandwidth
(KHz)

Desired cut-off fre-
quency (ωcd)

Decimation Factor
(D) Filter Method

186 0.16 7 MCDM
264 0.22 2 CDM
342 0.28 6 MCDM
420 0.34 3 CDM
498 0.40 5 MCDM
576 0.46 4 CDM
654 0.52 4 MCDM
732 0.58 5 CDM
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Fig. 9: Variable baseband bandpass frequency responses obtained using fixed-coefficient baseband bandpass prototype filter
with ωc = 0.12π and, (a) CDM , and (b) MCDM approach.

2) Filter Design for Simultaneous Transmission in Multiple Bands: In this subsection, we extend the above reconfigurable

filter for the case where user simultaneously transmits in the multiple bands as shown in Figure 6b. It is possible only when

the filter provides multi-band frequency response with no image on the other side of the DC frequency. Though CDM offers
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multi-band responses, the response is symmetrical with respect to the DC frequency for real prototype filter. In case of complex

prototype filter (i.e. the prototype filter with complex-valued coefficients), the CDM cannot offer variable bandwidth responses

for a given center frequency. To obtain an asymmetrical frequency response with variable bandwidth and center frequency, we use

conventional modulation based discrete Fourier Transform (DFT) filter bank (DFTFB) approach [20]. In DFTFB, the prototype

filter is realized in the polyphase form, and the resultant filter response is modulated using the DFT to obtain bandpass responses

at the regular interval between -1 and 1 with no image on the other side of the DC frequency. For example, the DFTFB of order

4 needs 4-point DFT and offers four bandpass responses at the center frequencies of -1, -0.5, 0 and 0.5. Note that the bandwidth

of all responses is same and equal to the bandwidth of the prototype filter. To obtain the control over the bandwidth, we replace

the prototype filter of the DFTFB with the reconfigurable filter discussed in the previous sub-section. Thus, the bandwidth of

all the sub-bands is the same and can be tuned to one of the eight supported bandwidths on-the-fly. The control over the center

frequency of the bandpass responses can be obtained by choosing the appropriate order of the DFT. For example, the DFTFB

of order K offers K bandpass responses located uniformly between -1 and 1 at an interval of 2/K on the normalized frequency

scale.

3) Filter Architecture: The architecture of a K- band reconfigurable filter is shown in Figure 10. It consists of N th order

prototype filter with real and fixed valued coefficients as {h0, h1, ..hN}. It is implemented in the polyphase form with K

parallel branches. The sum of the output of all the polyphase branches provides the baseband bandpass response. The output

of the polyphase filter is given to the K-point DFT as shown in Figure 10 to obtain the multi-band response. Each adder in

the conventional FIR filter is replaced with coefficient decimation (CD) block to obtain the bandpass response with variable

bandwidth. The CD block either bypass the new coefficient, hC or perform addition operation in case of CDM. In the case

of MCDM, CD block needs to perform subtraction operation for alternate retained coefficients. The select signals are used to

perform the desired operation on each of the coefficients. The output logic unit is used to obtain the bandpass response by

subtracting the bandstop response obtained from the prototype filter and MCDM from the appropriately delayed version of the

input signal.

B. Receiver

The signal at the input of receiver, r[n], consists of three components: 1) The transmitted signal after passed through the

LDACS wireless channel with impulse response hL[n], 2) DME interference signal after passed through the LDACS wireless

channel with impulse response hD[n], and 3) Zero-mean additive white Gaussian noise ñ0[n]. The r[n] is given as

r[n] = hL[n] ∗ x′[n] + hD[n] ∗ s[n] + ñ0[n] (6)

In LDACS environment, both channels hL[n] and hD[n] assumed to have identical statistics such that

hL[n] =
L∑
l=1

hLl δ[n− l] and hD[n] =
L∑
l=1

hDl δ[n− l] (7)

Where L is the total number of channel taps, hLl and hDl are the impulse responses of the channel faced by LDACS and DME
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signal of the lth path, respectively. The channels are assumed to be time-invariant for each transmitted OFDM symbol.

The receiver performs all the functions similar to the transmitter in the reverse order as shown in the Figure 11.

In the beginning, the received digitized baseband signal is filtered using the same reconfigurable filter f [n] which is the same

as the transmitter. The filtered received signal is given by

r′[n] = f [n] ∗ hL[n] ∗ f [n] ∗ x[n] + f [n] ∗ hD[n] ∗ s[n] + f [n] ∗ ñ0[n] (8)

The filtered signal is then passed through the synchronization block to estimate time and frequency offsets. The coarse

synchronization is based on correlation of synchronization symbols at the beginning of the forward link frame, and fine

synchronization is based on correlation of cyclic prefix of each OFDM symbol. Pulse Blanking technique used to remove

the non-linearities and interference. After FFT, channel coefficients and impulse response are estimated using pilots followed by

channel equalization via zero forcing approach. In the end, the symbols are demodulated and decoded to obtain the transmitted

data. The received signal Rk at kth subcarrier is as follows:

R′k = FkHkFkXk + FkHdkSk + FkÑ0k (9)

where, Hk , Hdk are the LDACS and DME channel frequency responses at the kth subcarrier respectively can be given as

Hk =
L∑
l=1

hLl e
−j2πkl
N and Hdk =

L∑
l=1

hDl e
−j2πkl
N (10)

Next, we obtain the frequency response of the filter f [n] at the kth subcarrier Fk. Here, the length of the filter, f [n], is⌈
(Lf+1)
D

⌉
and it is always less than the FFT size, K. Thus, the impulse response of the filter is zero padded by

(
K −

⌈
Lf+1)
D

⌉)
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Fig. 10: Architecture of the proposed reconfigurable K-band filter.
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Fig. 11: Block diagram of REF-OFDM based LDACS receiver.

to have the filter length same as FFT length. Then, we obtain Fk by taking K-point FFT of the zero padded filter impulse

response where

Fk = WH .

[
f [n], 0

1×
(
K−

⌈
(Lf+1)

D

⌉)] (11)

Here, W is the K-point FFT matrix.

In the proposed reconfigurable filter, prototype filter coefficients are fixed, and various responses are obtained using CDM and

MCDM approaches. The impulse response of the proposed filter f [n] with CDM factor D is given by

f [n] = fP [n].b[n] (12)

where, fP [n] be the impulse response of the prototype filter and b[n] can be given as

b[n] =

1 ∀ n = mD; m = 0, 1, 2...

0 otherwise
(13)

The function b[n] is periodic with period M , and hence the Fourier series expansion is given by

b[n] =
1

D

D−1∑
i=0

B(i)e
j2πin
D (14)

where B(i) are complex-valued Fourier series coefficients defined by,

B(i) =
D−1∑
n=0

b[n]e
−j2πin
D (15)

By substituting the Eq. (13) into (15) we will get,

B(i) =

1 ∀ k

0 otherwise
(16)

Hence, from Eq. (16) and . (14), b[n] can be expressed as,

b[n] =
1

D

D−1∑
i=0

e
j2πin
D (17)
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By substituting Eq. (17) into Eq. (12), we compute f [n]. Similar approach can be used for MCDM. Next, we will analyze the

BER performance of the Ref-OFDM based LDACS system for the received filtered signal represented by Eq. (9).

C. BER Analysis

The Signal to interference plus noise ratio is the ratio of signal power and the sum of interference and noise power. For the

received signal in Eq. (9), the SINR for kth subcarrier is given as

SINR(k) =
Fk

4λkP

Fk
2PÑ0

+ Fk
2λdkPDME

(18)

By rewriting the equation (18) we get,

SINR(k) =
Fk

2λkP

PÑ0
+ λdkPDME

(19)

where, P is the transmitted signal power, Fk is given by Eq. (11) and λk = |Hk|2, λdk = |Hdk |
2 are the power associated with

the channel frequency responses |Hk| and |Hdk | respectively and can be acquired using (10),

λk =

∣∣∣∣∣
L∑
l=1

hLl e
−j2πkl
N

∣∣∣∣∣
2

and λdk =

∣∣∣∣∣
L∑
l=1

hDl e
−j2πkl
N

∣∣∣∣∣
2

(20)

Here, we are considering that the multipath channel is modelled as the Rayleigh fading channel whose probability density

function can be represented as

pλ(λ) =
1

λ̄
e

−λ
λ̄ (21)

where, λ̄ is the mean of the variable λ and is equal to variance of Hk. The DME channel λdk also follows the same exponential

distribution as it is assumed to have the same distribution as the LDACS channel.

Next, we obtain the expression for DME interference power, PDME . The DME is a transponder-based navigation system

used to measure the slant range distance [14]. It is composed of Gaussian shaped pulse pairs. The time and frequency domain

representations of the DME signal is given by Eq. (22) and Eq. (23) respectively.

s(t) = e
−αt2

2 + e
−α(t−∆t)2

2 (22)

S(f) = A

√
8π

α
e

−2π2f2

α ejπf∆tcos(πf∆t) (23)

where, α is pulse width of 4.5 ∗ 10−11 s−2, ∆t represents the spacing of the pulses (=12 µs) and A is constant depending on

the power of DME signal. Then, we have

PDME =

∫ f2

f1

|S(f)|2df (24)

Substituting Eq. (23) in to Eq. (25) and substituting cos(θ) = ejθ+e−jθ

2 , we get
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PDME = A2

(
8π

α

)∫ f2

f1

∣∣∣∣e−2π2f2

α

∣∣∣∣2 ∣∣ej2πf∆t
∣∣2 × ∣∣∣∣ejπf∆t + e−jπf∆t

2

∣∣∣∣2 df (25)

Using the Euler formula, |ejθ|2 = 1 and assuming, C1 = 4π2

α and C2 = j2π∆t, we have

PDME = A2

(
8π

α

)[
2

∫ f2

f1

e−C1f
2

df +

∫ f2

f1

e−C1f
2+C2fdf +

∫ f2

f1

e−C1f
2−C2fdf

]
(26)

After further algebraic simplification, we get

PDME =A2

(
8π

α

)√
π

C1

[{
(erf(

√
C1f2)− erf(

√
C1f1))

}
+

1

2

{
e
C2

2
4C1 (erf(

2C1f2 − C2

2
√
C1

)− erf(
2C1f1 − C2

2
√
C1

)

}
+

1

2

{
e
C2

2
4C1 (erf(

2C1f2 + C2

2
√
C1

)− erf(
2C1f1 + C2

2
√
C1

)

}]
(27)

Using Eq. (19), the BER of the kth received symbol for M-QAM can be expressed as,

Pλ,λdeMQAM (k) ∼=
4

log2M

(
1− 1√

M

)√M/2∑
i=1

Q(2i− 1)×

√
3log2MF 2

kλkP

(M − 1)
(
PÑ0

+ λdkPDME

) (28)

where erfc(.) is a complex error function [32]. Therefore, BER averaged across the fading channel can be expressed as,

PeMQAM (k) = E[Pλ,λdeMQAM (k)] ∼=
∫ ∞

0

∫ ∞
0

Pλ1,λ2
eMQAM (k) × pλ(λ)dλ pλd(λd)dλd

The average BER across all the subcarriers is given by

PeMQAM =
1

K

K−1∑
k=0

PeMQAM (k) (29)

The analytical expression in Eq. (29) can be evaluated by numerical methods. This completes the BER analysis of the proposed

Ref-OFDM based LDACS in presence of the DME interference and multipath Rayleigh fading channel. Next, we present the

simulation results to analyze the performance of various LDACS.

Furthermore, the size of the DFT can be changed on-the-fly as per the desired center frequency of the transmission. Such

flexibility is not possible in case of OFDM, FBMC and GFDM based LDACS. In addition, Ref-OFDM can be easily extended to

a multi-antenna system, unlike FBMC based LDACS. Also, the Ref-OFDM and FBMC waveforms have much better-localized

frequency spectrum than OFDM because of the sub-band filtering. Next, we present the simulation results to analyze the

performance of various waveforms.

V. SIMULATION RESULTS

In this section, we present extensive simulation results to compare the performance of the proposed Ref-OFDM based LDACS

protocol with the existing protocol and FBMC based LDACS in [23] in realistic LDACS environment. Note that we consider the
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revised OFDM based LDACS which employs time domain windowing at the transmitter to improve the out-of-band attenuation.

In addition, we also consider the LDACS protocol using GFDM waveform which has not been studied in the literature yet.

The results include the comparison of these variants with respect to their out-of-band emission using the power spectral density

(PSD) plots for various bandwidths, interference at the adjacent DME signal for these bandwidths, BER in the presence of DME

and GGI interference, and implementation complexity. The simulation parameters are chosen as per the LDACS specifications

and are given in Table II.

TABLE II: Simulation Parameters

Parameters Value

Total Bandwidth 1.25MHz
Transmitted Bandwidth Any of the supported bandwidths
Length of FFT 128
Used sub-carriers 18-74
Sub-carrier spacing 9.76KHz
Total Symbol duration 120µs
Modulation QPSK
Channel ENR, APT, TMA
CC encoder rate 0.5
RS encoder rate 0.9

For LDACS environment, three channels are modeled: Airport (APT), Terminal Manoeuvring Area (TMA), En-routing (ENR).

They are modeled as wide sense stationary uncorrelated scattering channels and characterized using three properties: fading,

delay paths, and Doppler frequency [17]. The detailed information about the channel models is given in [1].

The channel parameters are given in Table III [8, 9, 17, 22, 33]. Note that the Doppler frequency is obtained as FD = Fc× v
c

where Fc is the carrier frequency and is at most 1215 MHz, v is the velocity of the aircraft in m/s (1 Knots True Airspeed

(KTAS)= 0.5144 m/s) and c = 299792458m/s.

TABLE III: Channel Parameters

Scenario Fading Max Delay (µs) Acceleration
(m/s2)

Velocity (KTAS) Doppler Frequency (Hz)

APT Rayleigh 3 5 200 (1215e6)× 200×.5144
299792458 = 413

TMA Rician 20 50 300 (1215e6)× 300×.5144
299792458 = 624

ENR Rician 15 50 600 (1215e6)× 600×.5144
299792458 = 1250

A. Single Band Transmission

To begin with, we consider single user transmitting in the frequency band between adjacent DME signals. For illustration, we

consider two bandwidths, 1) 732 KHz which incurs maximum interference to the DME, and 2) 498 KHz which is maximum

bandwidth allowed in existing OFDM based LDACS. The corresponding PSD plots for ENR channel are shown in Figure 12.

For clarity of the plots, we are only showing the main lobes of the DME signals. It can be observed that the interference at

the DME signal is quite high in case of OFDM and GFDM based LDACS (For actual values, please refer to discussion related
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to Table IV at the end of this subsection). The proposed REF-OFDM and FBMC based LDACS can achieve the transmission

bandwidths of up to 732 KHz due to high out-of-band attenuation leading to 50% improvement in spectrum utilization. The

PSD plots corresponding to the other two channels are not shown to avoid repetitive plots. However, we have considered them

for BER analysis.
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Fig. 12: The PSD comparison of various waveforms for ENR channel and two different transmission bandwidths, (a) 732KHz,
and (b) 498KHz.

Next, we compare the BER of these waveforms for three different channel conditions in the presence of GGI interference

only. We do not include BER plots for FBMC as they are overlapping with OFDM BER plots. We again consider 732 KHz, and

498 KHz bandwidth and corresponding plots are shown in Fig. 13 (a) and (b) respectively. It can be observed that Ref-OFDM

has better BER performance in both the cases. The Fig. 13 (b) shows that for higher transmission bandwidth OFDM and GFDM

has very bad ber performance while Ref-OFDM performs much better than other two as there is less DME interference in case

of Ref-OFDM. As expected, the performance is better in case of ENR channel due to strong LOS path. The PSD and BER

plots show that the Ref-OFDM has better out-of-band attenuation than OFDM and GFDM without compromising on the BER

performance.

0 5 10 15 20

SNR (dB)

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
it

 E
r
r
o

r
 R

a
te

LDACS (ENR)

GFDM (ENR)

Ref-OFDM (ENR)

LDACS (TMA)

GFDM (TMA)

Ref-OFDM (TMA)

LDACS (APT)

GFDM (APT)

Ref-OFDM (APT)

(a)

0 5 10 15 20

SNR(dB)

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
it

 E
r
r
o

r
 R

a
te

LDACS (ENR)

GFDM (ENR)

Ref-OFDM (ENR)

LDACS (TMA)

GFDM (TMA)

Ref-OFDM (TMA)

LDACS (APT)

GFDM (APT)

Ref-OFDM (APT)

(b)

Fig. 13: The BER comparison of various waveforms for two different transmission bandwidths, (a) 732KHz, and (b) 498KHz
and three different channels.
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Next, we compare the BER of these waveforms in the presence of DME interference for ENR channel. Here, we consider the

transmission bandwidth of 342 KHz and three center frequency with a deviation of 0, 100 and 400 KHz from the baseband. As

shown in Fig. 14, the BER of the proposed Ref-OFDM is significantly better than existing LDACS for all the center frequencies

considered here. We also observed that the difference between the BER performance of the Ref-OFDM and OFDM increases

with the increase in the transmission bandwidth. The BER of GFDM is worse than that of OFDM while the BER of the FBMC

is nearly identical to that of the Ref-OFDM. Similar behavior has also been observed for other channels. These results are not

included here for clarity of the plots.

0 5 10 15 20

SNR (dB)

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
it

 E
r
r
o

r
 R

a
te

LDACS at 0 KHz

LDACS at 100 KHz

LDACS at 400 KHz

Ref-OFDM at 0 KHz

Ref-OFDM at 100 KHz

Ref-OFDM at 400 KHz

Fig. 14: The BER comparison of Ref-OFDM and OFDM based LDACS in presence of DME interference for ENR channel
with 342 KHz transmission bandwidth and three different center frequencies.

Next, we study the interference at the DME signals due to LDACS transmission with the transmission bandwidth of 732 KHz

and 498 KHz. The interference (I) is calculated by the sum of PSD (φ(f)) between two frequencies (f1 and f2) and can be

represented by:

I =

∫ f2

f1

φ(f)df (30)

Here, we consider LDACS signal at different center frequencies located at an interval of 50 KHz with the DME signal located

at the fixed center frequency. The corresponding interference values are shown in Table IV where NA refers to not applicable

since corresponding center frequencies are not allowed for the requested bandwidth due to overlap with the main lobe of the

DME signals. It can be observed that the proposed Ref-OFDM and FBMC based LDACS offer the lowest interference to the

incumbent DME signals. In most of the cases, the interference is lower than 40 dB which is the desired threshold as per the

LDACS requirement and approximately 35 dB better than existing LDACS. These results not only validate the superiority of

the proposed waveform but also indicates the feasibility of multi-band multi-user deployment in case of Ref-OFDM and FBMC

based LDACS.

B. Multi-band Transmission

Here, we consider one user is transmitting in two non-contiguous bands of 186 KHz bandwidth with baseband center frequencies

of -200 KHz and 200 KHz. It can be observed from the PSD plots in Figure 15 that the performance of OFDM and GFDM

based LDACS have degraded further compared to single band transmission. For instance, the interference at DME signal for
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TABLE IV: Interference at DME in dB Due to Various Waveforms for Transmission Bandwidths of 498 KHz and 732 KHz

c

Bandwidth (BW) Waveform Transmission Center frequency w.r.t the DME center frequency (r = 50 KHz)
BW

2 + r BW
2 + 2r BW

2 + 3r BW
2 + 4r BW

2 + 5r

498 KHz

OFDM 7.1745 2.7038 0.9269 -0.1658 -0.8701
GFDM 5.9571 -3.1187 -7.3229 -8.7974 -9.3662

Ref-OFDM 0.3596 -38.7566 -40.7823 -42.1427 -43.1139
FBMC -2.0064 -37.8831 -39.8368 -40.9379 -41.6017

732 KHz

OFDM 6.4676 1.8911 NA NA NA
GFDM 5.2885 -5.6320 NA NA NA

Ref-OFDM -27.1217 -41.6051 NA NA NA
FBMC -31.5356 -45.7056 NA NA NA

existing OFDM based LDACS is -4.7 dB compared to -5.5 dB in case single-band transmission for a given center frequency.

As expected, it is much higher than -41.5 dB interference at DME due to the proposed Ref-OFDM based LDACS.
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Fig. 15: The PSD comparison for 2-band transmission for ENR channel with bandwidth of 186 KHz.

For this case, we compared the BER performance of existing and proposed Ref-OFDM based LDACS for three different

channel conditions. As shown in Figure 16, the performance of the Ref-OFDM based LDACS is significantly better than existing

LDACS. Poor BER performance for narrow transmission bandwidth of 186 KHz confirms the non-feasibility of existing LDACS

for multi-band deployment.
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Fig. 16: The BER comparison of Ref-OFDM and OFDM based LDACS for three channels in presence of DME interference
for 2-band transmission with 186 KHz bandwidth.
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C. Multi-user Transmission

Next, we consider the scenario where two users share the frequency band where the transmission bandwidth of one user is

342 KHz, and another user is 186 KHz. The center frequencies are the same as that of 2-band transmission considered before.

The corresponding PSD plots shown in Figure 15 indicates very high interference to the DME signal from existing LDACS. For

instance, the DME interference due to existing LDACS is 4 dB compared to -40 dB due to Ref-OFDM based LDACS.
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Fig. 17: The PSD comparison for 2-user transmission for ENR channel with bandwidth of 186 KHz and 342 KHz.

For the above scenario, Figure 18 shows the BER performance of 2-user case for all three channel scenarios. It can be observed

that the proposed Ref-OFDM based LDACS is significantly better than existing LDACS. These results also confirm the feasibility

of multi-user transmission using Ref-OFDM based LDACS.
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Fig. 18: The BER comparison of Ref-OFDM and OFDM based LDACS for three channels in presence of DME interference
for 2-user transmission with 186 KHz and 342 KHz bandwidth.

D. Complexity Comparison

In this section, the complexity comparison of various waveforms regarding the number of real multiplications for different

numbers of sub-carriers is done. Here, we consider K-band transmissions in non-continuous bands where K ∈ {2, 4}. For such

transmissions, Ref-OFDM uses a single reconfigurable filter capable of offering 16-band response. We also consider OFDM with

conventional filter design and referred to as filtered-OFDM (F-OFDM). As shown in Figure 19, as K increases, the complexity

of F-OFDM increases while that of Ref-OFDM remains the same. The complexity of GFDM and FBMC with polyphase filter
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implementation for single band transmission is much higher than 16-band Ref-OFDM waveform. Also, the complexity of Ref-

OFDM waveform is close to that of OFDM for 128 sub-carrier case making the proposed protocol and waveform a good

alternative to next generation LDACS.
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Fig. 19: Computational complexity comparison of various waveforms for different number of sub-carriers.

We have verified the throughput and effect of ADC quantization on the PSD of the Ref-OFDM in [4]. Also, the simulation

results are verified using USRP based experimental results in [2]. In addition, the proposed Ref-OFDM based LDACS offers

additional benefits. It provides flexibility via reconfigurable filters to enable transmission in non-contiguous bands, and lower

OOB emission allows multiple transceivers share the vacant spectrum. Such sharing enables low data rate services which in

turn can potentially eliminate the need for LDACS2. The proposed architecture can be efficiently realized on the FPGA via a

dynamic partial reconfiguration approach. For instance, in the case of narrowband or single user transmission, the Ref-OFDM

can switch to OFDM by bypassing the filter thereby saving the dynamic power. The dynamic partial reconfiguration can also be

exploited to change between the single band and multi-band transmissions. For instance, in case of single band transmission, the

DFT block can be reconfigured with the adder block. Such flexibility is difficult in case of OFDM, FBMC and GFDM based

LDACS. Similar to OFDM, Ref-OFDM can be extended to a multi-antenna system, unlike FBMC based LDACS.

VI. CONCLUSION

In this paper, we proposed a reconfigurable LDACS protocol with the frame structure that can adapt to different bandwidths

and a reconfigurable filtered OFDM (Ref-OFDM) waveform using low complexity linear phase multi-band digital filter. The

proposed protocol and Ref-OFDM enable transceivers to dynamically adapt the transmission bandwidth over a wide range to

meet the desired quality of service, and high out-of-band attenuation allows wider transmission bandwidth as well as multiple

narrowband transmissions. Simulation results show significant improvement over the BER and at least 32 dB lower interference

to incumbent L-band users than existing LDACS. Furthermore, proposed work allows multi-band and multi-user transmission

with adaptable bandwidth due to the proposed reconfigurable filter. Such transmission is not feasible in existing OFDM based

LDACS due to significant interference to incumbent L-band users. Also, the computational complexity of Ref-OFDM is lower

than other waveforms except OFDM making the proposed work an attractive solution for next-generation LDACS. Future works

include an extension of the proposed work for air-to-air communication data link of the FCI system.
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