
Received February 28, 2021, accepted March 12, 2021, date of publication March 17, 2021, date of current version March 23, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3066415

Joint Range Estimation Using Single Carrier Burst
Signals for Networked UAVs

XI PAN 1, CHAOXING YAN 2, (Member, IEEE),

AND JIANKANG ZHANG 3, (Senior Member, IEEE)
1School of Mechatronical Engineering, Beijing Institute of Technology, Beijing 100081, China
2Beijing Research Institute of Telemetry, Beijing 100076, China
3Department of Computing and Informatics, Bournemouth University, Poole BH12 5BB, U.K.

Corresponding author: Xi Pan (panxi@bit.edu.cn)

This work was supported in part by the Youth Outstanding Talent Support Program of China Aerospace Science and Technology

Corporation, in part by the Key Project of the Key Research Development Program, Ministry of Science and Technology, China, under

Grant 2018YFC1407200 and Grant 2019YFC1510904, in part by the National Natural Science Foundation of China under Grant

61571401, and in part by the Innovative Talent of Colleges and University of Henan Province under Grant 18HASTIT021.

ABSTRACT The localization accuracy demand is ever growing in UAV communication networks. We pro-

pose a joint coarse and fine range estimation method using single carrier burst signals with two samples per

symbol for UAV networks. The coarse estimation of our joint estimation method exploits multiple preamble

symbols for flexible single-carrier frequency-domain equalization (SC-FDE) frame structures to calculate

correlation metrics, which are insensitive to frequency offset due to the differential correlation operation.

Then, we propose a fine range estimation method using only two samples per symbol with expectation

relying on shaping or matched filter. Furthermore, we derive the performance bounds for the ranging system

using both raised cosine (RC) and better than raised-cosine (BTRC) pulses. Finally, extensive simulations are

conducted to validate the proposed method in terms of estimate bias and variance for different modulations,

shaping filters, and fading channels. Our simulation results show that, the rootmean square errors of proposed

ranging method can reach the order of centimeter at medium-to-high signal-to-noise ratio (SNR) region,

whereas the case using BTRC filter is capable of enhancing the ranging performance at low SNRs.

INDEX TERMS UAV networks, range estimation, SC-FDE, oversampled signals, two samples per symbol,

fading channel, burst signals.

I. INTRODUCTION

Networking node location and pose information can enable

group behavior and functionality that would otherwise be

impossible [1]. In military scenarios, 3D wireless networks

relying on multiple unmanned aerial vehicles (UAVs) can be

used for connecting aircraft, troops and fleets, allowing flex-

ible exchange of data between them, and whilst ensuring the

security of sensitive information that may be exchanged [2].

Typically, the UAVs will be equipped with a global position-

ing system (GPS) and an inertial measurement unit (IMU)

by regulations in most countries for providing position infor-

mation at any time, with a positioning accuracy ranging

from 6 m to 10 m. When conventional global navigation

satellite systems suffer from unacceptable vulnerabilities,

The associate editor coordinating the review of this manuscript and

approving it for publication was Wei Feng .

such as signal occlusion, spoofing, and jamming, particu-

larly for mission-critical operations, ranging-based localiza-

tion methods offer an attractive solution to recover node

location, like the multi-dimensional scaling (MDS) method

[1], [3]. Highly accurate range measurement is also desired

mostly for localization purposes in variety of commercial

and military applications, such as maintaining a prescribed

flight formation in swarming UAVs or munitions, localiz-

ing elements of cyber-physical systems for surveillance and

exploration [4], [5].

A. UAV COMMUNICATION AND POSITIONING

Usually, common multiple-UAV missions involve at

least 3 UAVs [6], [7]. The UAV networking extends the

capability of unmanned aircraft system (UAS) and main-

tains system responsibility and accountability in the face

of UAS failure. Bekmezci et al. [8] firstly proposed the
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multiple-UAV system based on the concept of flying ad hoc

network (FANET). Hayat et al. [9] overviewed the general

networking related requirements, network characteristics and

communication requirements of multiple-UAV networks for

civil applications. Oubbati et al. [10] further presented a

survey of position-based routing protocols for FANETs, and

classified them into three categories: topology-, swarm-,

and position-based routing protocols. The meshed airborne

communication architecture offers the best option in terms

of flexibility, reliability, and performance compared with

other possibilities [11]. Physically smaller UAVs with limited

capacity are preferred in FANET applications, like the very

low cost close-range UAVs which usually have a flight-span

of about 5 km - 15 km [12]. The UAV networking includes

four kinds of architectures:
• centralized UAV network architecture having a central

ground station node.

• UAV ad hoc network networking a group of similar

UAVs.

• multi-group UAV network combining a centralized UAV

network and UAV ad hoc networks.

• multi-layer UAV ad hoc network, connecting multiple

groups of heterogeneous UAVs and implementing the

one-to-many UAV operation mode [13].

The network architectures or UAV formations should be

maintained using timely updated position information espe-

cially for ‘‘man-in-the-loop’’ or intelligent missions [14].

To optimize the communication coverage performance in

UAV networks, Khuwaja et al. [5] studied the deployments

of multiple UAVs as aerial base stations relying on the sepa-

ration distance between UAVs.

Recently, joint communication and positioning in mobile

radio systems has gained a lot of interests in rapid deploy-

ment for both civilian and military applications [15]–[17].

Traditionally, one of the most popular ways to obtain location

information relied on Radar, where dedicated radio frequen-

cies are allocated to optimize the range and speed estimation

performances [18]. While there are many classes of local-

ization techniques, high resolution range estimation is one

of key techniques to enable or improve range-based radio

positioning, particularly for line of sight (LOS) environment

in wireless sensor networks, Internet-of-things (IOT), and

machine-to-machine (M2M) communication [19]. UAV com-

munication links can be broadly classified into two aspects

namely, air-to-ground (A2G) communications and air-to-

air (A2A) communications, where dominated channels are

LOS [14], [20]. UAVs can mounted with different-resolution

cameras or video cameras [21], ultrasonic, infrared and

laser range sensors [22] required for specific missions.

These payload data information will be modulated, trans-

mitted and relayed to the UAV ground station (GS) com-

mand and control center. In multiple-UAV networks, the

UAV position can be determined based on the range esti-

mate from different transmitters, whereas the UAV position

can also be calculated using standard techniques [23]–[25].

Range-based localization is possible via the signal time-of-

arrival (ToA), time-difference-of-arrival (TDoA), received

signal strength (RSS) and direction of arrival (DoA) or

their combinations. ToA estimation has received considerable

attention among all range based approaches because of high

precision and low complexity.

Ultra-wide bandwidth (UWB) signals are commonly used

in the localization community having extremely large band-

width, which can lead to relatively fine time resolution for

indoor positioning with short-range coverage [26]. Cyclic

prefixed single carrier (CP-SC) and its variations were chosen

as the waveforms for joint radar-communication [15], and

by a few standards like IEEE 802.11ad and LTE-advanced

[27], [28]. Single carrier with frequency domain equaliza-

tion (SC-FDE) is a popular CP-SC modulation scheme for

UAV communication. Principal superiorities of SC-FDE over

OFDM are its lower peak-to-average power ratio (PAPR)

and less sensitivity to carrier-frequency offset (CFO) while

achieving similar equalization performance and ranging

accuracy. The data format of an unique-word based single

carrier (UW-SC) system [29] is generally composed of data

blocks, each preceded with an UW such that low-complexity

and accurate frequency-domain channel equalization can be

effectively applied. In the SC-FDE receiver architecture of

some relatedworks [30], [31], symbol timing synchronization

algorithms were usually designed using the cyclic prefix or

cyclic suffix sequence with one sample per symbol, follow-

ing the conventional auto-correlation based timing metric in

OFDM system [32]–[34]. The fine ranging method in our

previous work [29] relying on the amplitude nonlinearity of

oversampled signals in SC-FDE receiver required four sam-

ples per symbol to achieve a root mean square error (RMSE)

by the order of centimeter at medium-to-high signal-to-noise

ratio (SNR) region for a channel bandwidth of 10MHz. In this

paper, we focus on the joint communication and propagation

delay-based ranging using single carrier burst signals for

networked UAVs.

B. MOTIVATIONS AND CONTRIBUTIONS

The high performance, highly integrated radio fre-

quency (RF) transceiver AD9361 [35] designed for use in 4G

base station applications with tunable channel bandwidth is

commonly exploited for low-cost solution of UAV commu-

nication transceiver. Its data ports can be configured in either

single-ended CMOS format with 61.44 MHz data clock or

differential low voltage differential signaling (LVDS) format

with 122.88MHz. Considering this dilemma between limited

analog-digital conversion (ADC) sampling clock and the

requirement of increasing sampling rate, like the ranging

method using four samples per symbol in broadband UAV

communication [29], we devote efforts to designing enhanced

ranging method in SC-FDE receivers using less samples

without performance degradation.

Our main contributions in this paper are summarized as

follows.
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FIGURE 1. UAV networking scenarios with A2G, A2A communication links and ranging among UAVs.

• We propose a joint coarse and fine range estimation

method for multiple-UAV networks based on the pream-

ble and payload data in SC-FDE frame respectively,

using two samples per symbol for common linear mod-

ulations. This method is insensitive to frequency off-

set and it is capable of enabling UAV communication

system to increase signal bandwidth in low-cost digital

receivers with limited ADC clock.

• A flexible SC-FDE burst frame is designed for UAV

networks containing preamble, UW and payload data

segments. Combining the multiple preambles in each

slot frame, we calculate correlation metrics using two

branches of oversampled preamble sequences to get the

preamble position and suggest a multi-dwell strategy to

improve position estimation accuracy.

• The proposed fine range estimation method uses only

two samples per symbol with expectation relying

on shaping or matched filters. The range estimate

Cramer-Rao bounds (CRBs) for raised cosine and bet-

ter than raised-cosine pulses are presented as perfor-

mance benchmarks in extensive simulations. Our results

demonstrate the feasibility and efficiency of the pro-

posed technique in terms of estimate bias and vari-

ance for different modulations and shaping filters under

both flat-fading channel and frequency selective fading

channel.

The rest of this paper is organized as follows. Section

II presents the UAV networking scenarios with different

communication links and the SC-FDE signal models with

flexible burst frame. In Section III, we propose a joint range

estimation method and give the coarse ranging method based

on the preamble segment. Then, we propose a fine ranging

method and analyze the range estimate performance bounds

for different shaping filters. Section IV presents the simula-

tion results and discussions, and finally Section V concludes

the paper.

II. SYSTEM AND SIGNAL MODELS

A. MULTIPLE-UAV NETWORKING

As depicted in Fig. 1, UAV networking scenarios with

A2G communication, A2A communication are composed of

ground control station, small task UAVs, and the relatively

large UAS working as relay node. Small UASs with highly

mobility and limited payload space require lightweight, low-

profile, conformal and lower cost omnidirectional antennas,

which will absorb multipath signals at receiver due to the

broad beamwidth. The channel access strategy for UAV net-

working is vital in that every node within the UAV swarm

should communicate and range at least with its neighbors.

Access collisions on the medium access control (MAC)

layer lead to undesirably low ranging update rates, particu-

larly for UAVs with high relative mobility. Contention-based

MAC schemes suffer from multiple access interference,

resulting in unpredictable ranging update rate [36], whereas

reservation-based time division multiple access (TDMA)

enables interference-free channel access for all users but

commonly requires a dedicated master user to establish time

slot reservation and scheduling [37].
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FIGURE 2. Block structures with different SC-FDE burst frames for UAV communications.

There are telemetry datalinks of relay-to-ground (R2G)

downlink and ground-to-relay (G2R) uplink, whereas there

are also A2A links, air-to-relay (A2R), and relay-to-air (R2A)

links among UAVs and relay aircraft. The range between

them can be determined by the two-way signals in these com-

munication links, as theD1,2,D1,3,D2,3 among UAV-1, UAV-

2 andUAV-3 given in Fig. 1. The current popular transmission

signals of single carrier and multicarrier are reasonable in dif-

ferent channels and application environments. SC-FDE can

mitigate the multipath fading for UAV communications and

obtain similar performance, efficiency, and low signal pro-

cessing complexity advantages compared with OFDM [38].

Moreover, it is insensitive to power amplifier nonlinearities,

and it enables the use of a simple power amplifier [39]. Afran

et al. [40] found that FDE is about 7 times more computa-

tionally efficient than the time domain equalizer in the inte-

grated network enhanced telemetry system. SC-FDE tech-

niques have been popularly applied to many modern wireless

communication systems with different frame structures, such

as IEEE 802.11.ad and IEEE802.16 wireless metropolitan

area network (WirelessMAN) standard [41]. In the following

text, we will give the burst frame employed in the UAV

communication network.

B. SC-FDE BURST FRAME

The SC-FDE data block formats, A data frame and B slot

frame, are typically presented in Fig. 2, where the data frame

is equal to the slot frame for format A. For each data frame,

there is one preamble section, preceding by UWs and payload

data segments. Define the m-th block of sequence vector as,

sm,

sm = [sP,Np , sUW ,Nu , sD,Nd , sUW ,Nu ], (1)

where sP,Np is the preamble sequence, sUW ,Nu is the UW

sequence, sD,Nd is the payload data sequence, and Np, Nu,

Nd are length of these sequences, respectively. Since the UW

sequence is known in advance at the receiver, the preced-

ing UW sequence can be served as the CP of its following

one. The UW also possesses the constant amplitude zero

auto-correlation (CAZAC) property [30]. The transmitted

signals are represented as,

sm = [sm,−Nu−Np , . . . , sm,−Nu−1, sm,−Nu , . . . , sm,−1

sm,0, sm,1, . . . , sm,Nd−1, sm,Nd , . . . , sm,N−1]
T , (2)

where N = Nu + Nd is the FFT length in SC-FDE, sm,n are

the complex valued transmitted symbols under different mod-

ulation formats such as M-ary phase-shift keying (MPSK)

or M-ary quadrature amplitude modulation (MQAM), with

mean power 1.

The format A data frame has NB blocks of data sequence,

which usually are the divided NB segments of forward error

correction codes, like Turbo codes or low-density parity

check (LDPC) codes. Thus, the m-th block of sequence in

format A can be described as,

sm = [sP,Np , sUW ,Nu (m), sD,Nd (m), sUW ,Nu (m)]. (3)

For the data frame withNB blocks, we rewrite the sequence

as,

sm,NB = [sP,Np , sUW ,Nu (1), sD,Nd (1), sUW ,Nu (1),

sUW ,Nu (2), sD,Nd (2), sUW ,Nu (2), . . . ,

sUW ,Nu (NB), sD,Nd (NB), sUW ,Nu (NB)]
T . (4)

For the UAV node allocated more than one data frame as

described by the block format B in Fig. 2, a slot frame with

two data frames can be similarly written as,

sm,2NB = [sP,Np (1), sUW ,Nu (1), sD,Nd (1), sUW ,Nu (1),

sUW ,Nu (2), sD,Nd (2), sUW ,Nu (2), . . . , sUW ,Nu (NB),

sD,Nd (NB), sUW ,Nu (NB), sP,Np (2), sUW ,Nu (NB + 1),

sD,Nd (NB + 1), sUW ,Nu (NB + 1), sUW ,Nu (NB + 2),

sD,Nd (NB + 2), sUW ,Nu (NB + 2),

. . . , sUW ,Nu (2NB), sD,Nd (2NB), sUW ,Nu (2NB), ]
T ,

(5)

where two data frames comprise the slot frame, and we

can also generalize this expression with more data frames.

We suggest to make full use of the multiple data frames in

one slot frame to improve the ranging performance, whereas

there is a tradeoff between enhanced ranging accuracy and

increased delay for mission-critical operations.

III. JOINT RANGE ESTIMATION WITH TWO SAMPLES PER

SYMBOL

A. PROPOSED JOINT RANGE ESTIMATION METHOD

Compared with OFDM techniques, the synchronization and

estimation for SC-FDE system is much less examined in the

literature. Following the method designed for OFDM [32],

the conjugate product between two successively received UW
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FIGURE 3. Block structure for range estimation between networked UAVs,
with two samples per symbol in SC-FDE receiver.

blocks in SC-FDE receiver will exhibit the timing metric

plateau resulting in a degraded variance of the timing estimate

at low SNRs [42]. Chiang et al. [41] estimated the total phase

shift due to carrier frequency offset and symbol timing offset

using time-domain UW sequences in the frequency domain

of SC-FDE. Lin and Chen [43] proposed a blind fine syn-

chronization scheme using the simple weighted least-square

method without additional UW sequences.

We present the following joint coarse and fine range esti-

mation method as given in Fig. 3. The source information

from UAV1 after coding, mapping and framing will be mod-

ulated using SC-FDE scheme by inserting UWs. Then, the

transmitted symbols s(n) are filtered with shaping filter and

finally converted to analog signals and sent out by radio

frequency (RF) power amplifier. After propagation in space

between UAV1 and UAV2, the received equivalent complex

baseband signal is written as r(t).

r(t) =
∫

h(ε)x(t − ε − τT )ejφdε + w(t) (6)

where h(t) is the fading channel impulse response, w(t) is

the additive white and Gaussian noise (AWGN) with power

N0, τT is the delay, φ is the carrier offset, and x(t) is the

transmitted complex signals,

x(t) =
∞
∑

n=−∞
s(n)gs(t − nT ), (7)

where s(n) is the transmitted symbol, gs(t) is the shaping or

matched filters.

Assuming the flat-fading channel with unit magnitude,

we propose the range estimation procedures at the UAV1

receiver as follows,

1) The received r(t) is oversampled with Ts = T/2,

r(kTs) =
∞
∑

n=−∞
s(n)g(kTs − nT − τT ) + w(kTs), (8)

where g(t) is the convolution of shaping and matched filters,

and for the case of raised cosine (RC) filter,

gRC (t) = sinc(π t/T )
cos(π t/T )

1 − 4α2t2/T 2
, (9)

where α is the rolling-off factor. Then, we have the two

sampling sequences ru(k) = r0(k), r1(k), and r(k) =
{r0(k), r1(k)},

r0(k) = r(2nTs),

r1(k) = r(2(n+ 1)Ts). (10)

2) The correlation metrics Ru(d) = R0(d),R1(d) are cal-

culated for two sampling sequences ru(k) = r0(k), r1(k),

respectively, as following,

Ru(d)

=

∣

∣

∣

∣

∣

∣

Np−1
∑

k=1

r∗
u (k + d − 1)ru(k + d)sp(d − 1)s∗p(d)

∣

∣

∣

∣

∣

∣

2

( Np
∑

k=1

|ru(k + d)|2
)2

(11)

where sp(d) is the local preamble sequence, and d is the

position of preamble sequence in the received slot frame. The

denominator term herein normalizes this differential correla-

tion in numerator term by the received total signal power of

length Np.

3) The timing metrics R0(d),R1(d) are compared with

predefined timingmetric threshold λ, asRu(d) ≥ λ to find the

position d of preamble sequence in the received slot frame,

d̂ = argmaxR(d), where R(d) = {R0(k),R1(k)}. Thus,
we can arrive at the integer-valued time delay estimation

τI = d̂Ts.

4) Compute the range between UAV1 and UAV2 as

D = C(τ̂I + τ̂F ) = D̂I +D̂F , whereC is the speed of light and

τ̂F is the fine estimate. We would provide the fine estimation

method using the payload data sequence sD,Nd received in

ru(k) in next section.

We note that the timing offset and carrier offset estimations

are not required prior to the proposed ranging method. The

differential correlation in (11) makes the correlation metrics

Ru(d) resistant to carrier offset, and it was also exploited

for carrier offset estimation in [44]. Following the proposed

coarse ranging method, we examine the correlation metrics

as given in Fig. 4, where the simulation for slot frame block

format B is assumed to have two data frames with NB =
1 block of data sequence, Np = 64, Nd = 960, Nu =
64, and N = 1024. The peak timing metric at k = 64

and 1280 for two preamble sequences validate the interval

between them, Np + Nd + 2Nu = 1280 – 64. We can also

find that, R0(d) for the first sample sequence is much larger
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FIGURE 4. Correlation metrics for the ranging method using two samples
per symbol with Np = 64, Nd = 960, Nu = 64, NB = 1 for block format B.

than R1(d) for the second one at the position d of preamble

sequence. For the case with multiple preamble sequences and

related metric peaks, we suggest enhancing the accuracy of

position d estimation using the multi-dwell strategy [45],

which will reduce the false alarm probability Pf and miss

detection probability Pm for detecting the position d .

B. FINE RANGE ESTIMATION WITH TWO SAMPLES PER

SYMBOL

In this section, we propose a fine range estimation method

using two samples per symbol in SC-FDE. The range estimate

is given as (12), shown at the bottom of the page, where

ℜ denotes real part, L is the length of transmitted MPSK

or MQAM payload data symbols exploited in the ranging

module.

The first two summation terms in (12) involves 2L sam-

ples, r(1) to r(2L), whereas the third one involves 2L + 1

samples, r(0) to r(2L− 1). For any n in (12), it holds that the

expectation (13), shown at the bottom of the page, relies on

the filter g(t). Similarly, for any n in the third term, it holds

FIGURE 5. Filter coefficients of g(t) for RC and BTRC, α = 0.5.

that the expectation (14), shown at the bottom of the page,

also relies on filter g(t).

These expectations will determine the statistical variance of

the proposed range estimation method, whereas this moti-

vates us to exploit the better than raised cosine (BTRC) filter

g(t) [46] for the proposed ranging method,

gB(t) = sinc(π t/T )
4βt sin(παt/T )+2β2 cos(παt/T )−β2

4α2t2/T 2 + β2
,

(15)

where β = (2T ln 2)/α. BTRC has smaller maximum dis-

tortion compared with RC for the same rolling-off factor α.

We will also examine the influence for distinct shaping filters

on ranging performance by extensive simulations.

C. ESTIMATION PERFORMANCE BOUND

We use CRB to compare analytically the performance of

proposed fine range estimation method, in terms of estimate

variance. Following the similar derivations in Chapter 2.4 of

[47], the CRB states the variance of range estimates and it is

D̂F = CT

2π
arg

{

L
∑

n=1

{

|r(2n)|2 − |r(2n− 1)|2 + jℜ[r(2n)r∗(2n− 1) − r(2n− 1)r∗(2(n− 1))]
}

}

, (12)

E
{

r(2nTs)r
∗((2n− 1)Ts) − r((2n− 1)TS )r

∗(2(n− 1)Ts)
}

= E
{

x(2nTs − τT )x∗((2n− 1)Ts − τT ) − x((2n− 1)TS − τT )x∗(2(n− 1)Ts − τT )
}

=
∞
∑

n=−∞

{

g(τT + nT )g(τT + (n− 0.5)T ) − g(τT + nT )g(τT + (n+ 0.5)T )
}

. (13)

E
{

|r(2nTs)|2 − |r((2n− 1)Ts)|2
}

= E
{

|x(2nTs − τT )|2 − |x((2n− 1)Ts − τT )|2
}

=
∞
∑

n=−∞

{

g2(τT + nT ) − g2(τT + (n− 0.5)T )
}

. (14)
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FIGURE 6. Root mean square value for CRB of range estimate with RC
and BTRC filters, L = 1024.

lower bounded as,

Var[D̂F − DF ] ≥ C2

2LEs/N0
×

∫ ∞
−∞ G(f )df

∫ ∞
−∞ 4π2f 2G(f )df

.= CRB,

(16)

whereG(f ) is the Fourier transform of the filter g(t), Es is the

signal power and N0 is the noise power. When raised cosine

filter is used, the CRB of range estimate is given as,

CRBRC = 3C2T 2

2LEs/N0
× 1

3(π2 − 8)α2 + π2
. (17)

The CRB for better than raised-cosine pulses can be derived

as,

CRBBTRC

= 3C2T 2

2π2LEs/N0
× 1

1 + 6(1 − 2 ln 2 + (ln 2)2α2)α2/(ln 2)2
.

(18)

In order to evaluate estimation performance, RMSE is

adopted as the comparison measure with CRB as a bench-

mark. The RMSEs corresponding to CRBs for raised cosine

filter and better than raised-cosine, σD,CRB =
√
CRBRC or√

CRBBTRC , are depicted in Fig. 6 as ‘‘RC’’ and ‘‘BTRC’’

under different α = 0.25 and 1. We find that, for the smaller

α, the gap between CRBRC and CRBBTRC will get narrower.

IV. RESULTS AND DISCUSSIONS

In the following section, we investigate the performance of

proposed rangingmethod for SC-FDE system in terms of esti-

mation bias and RMSE performance under different param-

eters. The previous work [29] is compared as a performance

reference, where the fine ranging method is,

D̂F = CT

2π
arg

{

4L−1
∑

k=0

|r(kTs)|Qe−j2πk/4
}

, (19)

where Q = 2 is the designed parameter when oversampling

factor is Ts/T = 4.

FIGURE 7. Bias of the proposed range estimation method and the
method in [29] with QPSK signals at different SNRs, α = 0.2 and 0.5.

An SC-FDE system with BPSK, QPSK, 8PSK and 16PSK

modulations, rolling off factors α = 0.2, 0.25, 0.35, 0.5, data

block length of N = 1024, UW length of Nu = 64, band-

width of 50 MHz and normalized carrier frequency offset of

5 × 10−3, has been considered with extensive simulations in

flat-fading channel and frequency-selective fading channel

to validate our proposed ranging method. CRBs for raised

cosine and better than raised-cosine pulses are also compared

as performance benchmarks. The parameters are summarized

in Table 1.

TABLE 1. Parameters setting in simulations.

A. RANGE ESTIMATE BIAS

Figure 7 presents the estimation bias performance of the

proposed ranging method (12) and the method (19) in [29],

denoted as ‘‘2 sps (samples per symbol)’’ and ‘‘4 sps’’,

respectively, under different rolling off factors α = 0.2, 0.5.

We can find that, the bias values of both methods get close

to zeros under high SNR ≥ 25 dB, whereas there are fluc-

tuations on the order of 0.002 m under low SNR. The range

estimate bias performance holds the same characteristics for

BPSK, QPSK, 8PSK and 16PSK with α = 0.5 as depicted in

Fig. 8. The range estimate is not sensitive to carrier frequency

offsets arising from UAV high mobility due to the differential

correlations employed. These estimate bias fluctuation above

results from channel noises and limited simulations. There-

fore, for different modulations adopted in payload data seg-

ment in Fig. 2, we can always employ the proposed ranging

method in UAV networks.
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FIGURE 8. Bias of the proposed range estimation method (12) for SC-FDE
system with BPSK, QPSK, 8PSK and 16PSK signals at different SNRs,
α = 0.5.

FIGURE 9. RMSE of the proposed range estimation method (12) and the
method in [29] with QPSK signals at different SNRs, α =0.2, 0.35 and 0.5.

B. RANGE ESTIMATE RMSE

Figure 9 depicts the RMSE performance of the proposed

ranging method ‘‘2 sps’’ (12) and the previous one (19) for

different α. It can be found that, the RMSE of both methods

will get close to CRB upon increasing α. For α = 0.2, 0.35,

0.5, the method ‘‘2 sps’’ reaches 0.138 m, 0.07 m, 0.045 m

respectively, at SNR= 10 dB. However, the proposed ranging

method will perform similar to the method using Q = 1 in

[29] while 3 dB better than Q = 2 under the same α = 0.5.

It gets close to CRB with ranging jitter reaching below 1 cm

when SNR ≥ 26 dB, 23 dB for α = 0.35, 0.5, respectively.

The traditional ‘‘4 sps’’ method in [29] with Q = 2 was

recommended for implementation due to its relative low com-

putation complexity. It is then compared with the proposed

ranging method (12) for BPSK and 16PSK, α = 0.35, 0.5

in Fig. 10, where the RMSE hold the same characteristics

for different modulation schemes. Next, range estimation

performance of the proposed ‘‘2 sps’’ method versus SNR

as well as α = 0.25, 0.5 using both RC and BTRC filters are

provided in Fig. 11. Results show that the enhancements by

the BTRC filter are more obvious than RC filter at low SNRs.

FIGURE 10. RMSE of the proposed range estimation method (12) and the
method in [29] with BPSK and 16PSK signals at different SNRs, α =0.35
and 0.5.

FIGURE 11. RMSE of the proposed range estimation method (12) with
QPSK signals using RC or BTRC filters at different SNRs, α = 0.25 and 0.5.

For α = 0.25, 0.5, the method ‘‘BTRC’’ reaches 0.067 m,

0.028 m respectively, at SNR = 10 dB.

Finally, we examine the RMSE performance of the pro-

posed ranging method in frequency-selective channel for

QPSK signals using RC and BTRC filters, with α = 0.5,

as illustrated in Fig. 12. The Rician fading channel is

modelled as 5 paths with path delays of k = 1, 3, 5,

7, 9 samples exponentially decaying path gains of e−εk/3

and K factor of 10 dB [12], [48]. Performance degrada-

tion exists in this frequency-selective channel with a floor

of about 0.1 m for both filters, whereas channel estima-

tion and frequency-domain equalization will improve the

RMSE performance [49]. The proposed ranging method in

frequency-selective channel will achieve performance close

to that in flat-fading channel if it is preceded by per-

fect channel state information and channel equalization for

oversampled signals in SC-FDE receivers. For both cases

of the ranging methods with and without channel equal-

izations, the method using BTRC filter will outperform

the RC one at low SNR regions, by about 0.02 m at

SNR = 5 dB.
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FIGURE 12. RMSE of the proposed range estimation method (12) under
fading channels with RC and BTRC, QPSK signals, α = 0.5.

C. COMPUTATIONAL COMPLEXITY

The computational complexity is further analyzed following

the way in [50]. The traditional ranging method in [29]

requires 8L + 1 real multiplications, 2(L − 1) additions

and 1 phase arg operation, whereas the proposed fine ranging

method (12) requires 6L+1 real multiplications, 4L additions

and 1 phase arg operation. The multiplication resources are

more critical than additions for most implementation scheme

like Field Programmable Gate Array (FPGA). Therefore, the

proposed method could achieve accurate range estimate at

low cost of computation complexity, while it requires lower

sampling rate than previous methods. The low sampling rate

requirement will make the transceiver AD9361 applicable

in broadband communication and ranging for low-cost UAV

swarms.

V. CONCLUSION

The localization accuracy of navigation and radar systems in

UAV networks is affected by the quality of range information.

Joint radar-communication would bring more efficient plan

and usage for the radio spectral resource. We propose a

rangingmethod constitutes of coarse ranging and fine ranging

procedures for joint communication and positioning applica-

tions. After presenting the UAV networking scenarios with

different communication links and the SC-FDE signal models

with flexible burst frame, we propose the coarse ranging

method based on the preamble segment. Then, we propose

the fine ranging method and analyze the performance bounds

for different shaping filters. Extensive simulations illustrate

that the proposed method can reach the order of centimeter

in terms of range estimate RMSE at medium-to-high SNR

region under different conditions and this method is insensi-

tive to carrier frequency offset. We also suggest using BTRC

filter to enhance the performance at low SNRs.
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